University of New Hampshire

University of New Hampshire Scholars' Repository
Master's Theses and Capstones

Student Scholarship

Fall 2010

Landscape genetics of the New England cottontail: Effects of
habitat fragmentation on population genetic structure and
dispersal
Lindsey E. Fenderson
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/thesis

Recommended Citation
Fenderson, Lindsey E., "Landscape genetics of the New England cottontail: Effects of habitat
fragmentation on population genetic structure and dispersal" (2010). Master's Theses and Capstones.
565.
https://scholars.unh.edu/thesis/565

This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire
Scholars' Repository. It has been accepted for inclusion in Master's Theses and Capstones by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

LANDSCAPE GENETICS OF THE NEW ENGLAND COTTONTAIL: EFFECTS OF
HABITAT FRAGMENTATION ON POPULATION GENETIC STRUCTURE AND
DISPERSAL

BY

LINDSEY E. FENDERSON
Wildlife Ecology, B.S., University of Maine, Orono, 2006

THESIS

Submitted to the University of New Hampshire
in Partial Fulfillment of
the Requirements for the Degree of

Master of Science
in
Zoology

September, 2010

UMI Number: 1486975

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMI'
Dissertation Publishing

UMI 1486975
Copyright 2010 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

This thesis has been examined and approved.

&-£-

Adrienne Kovach, Research Assistant
Professor of Biology and Natural Resources

$L-CL
Litvaitis, Professor of Wildlife Ecology

Marian Litvaitis, Professor of Zoology

Date

/ /& I In

DEDICATION

This thesis is dedicated to David Veverka.

Dave was an incredibly supportive person in my life and I wish he had been there
throughout this experience. He would have made a first-rate marine mammalogist, or
researcher in any other field in which he decided to pursue; his dedication and passion
were truly inspiring. He always made time for others and his selflessness in Iraq was so
typical of his many admirable qualities. He was an amazing person and I am so glad for
having had the opportunity to know him.

iii

ACKNOWLEDGEMENTS

Funding for this research was provided by the United States Fish and Wildlife
Service, Maine Department of Inland Fisheries and Wildlife, the Maine Outdoor Heritage
Fund, the U.S. Fish and Wildlife Service, and the New Hampshire Agricultural
Experiment Station.
I am extremely grateful for all of the assistance I received from my advisor,
Adrienne Kovach. Thank you for making this a challenging and rewarding experience. I
certainly couldn't have completed this without your support and enthusiasm. Continually
spoiling your graduate students with delicious baked goods and garden surplus
undoubtedly didn't hurt either.
My other committee members, John and Marian Litvaitis, gave assistance as
needed and offered many helpful comments on manuscript drafts, of which I greatly
appreciated. John provided my first opportunity to see a live New England cottontail,
which for a "pasty-white lab rat" was a rare and memorable experience. Marian, I truly
appreciated your words of encouragement and praise, especially toward the end of this
extensive undertaking.
Many agency biologists, volunteers, former students and technicians were
invaluable for their assistance with trapping and pellet collection as well as providing
other support. In particular I am grateful to Walter Jakubas with the Maine Department of
Inland Fisheries and Wildlife, Kate O'Brien with Rachel Carson National Wildlife

iv

Refuge, and Kelly Boland with the Environmental Defense Fund for continued support
throughout this process.
Additionally, I received much support from Anthony Tur and the U.S. Fish and
Wildlife Service, Steven Fuller and New Hampshire Fish and Game, Howard Kilpatrick
and Connecticut Department of Environmental Protection, Paul Novak and New York
Department of Environmental Conservation, Brian Tefft and Rhode Island Department of
Environmental Management, David Tibbetts, Margaret Arbuthnot, John DePue, Mike
Marchand, Brian Johnson, Robin Innes, Vanessa Johnson, Jim Panaccione and Jon
Lanza. Many of the aforementioned people, especially Kelly Boland, were fellow
bushwhackers, who braved impenetrable fortresses of thorny, skin-clawing thickets and
brambles to help collect rabbit samples; this research could not have been completed
without their complete disregard for their protective epithelial cells.
David Berlinsky helpfully provided laboratory space. I thank Jobriah Anderson at
the University of New Hampshire Hubbard Center for Genome Studies for putting up
with all of my convoluted sample names as he ran plate after plate of my samples. I also
greatly appreciate Barbara Charry and Maine Audubon for providing GIS data for use in
additional research.
Melanie Schroer, Elisha Allan, Grace Smarsh, Samantha Petren, Cynthia Sirois
and Allison Citro helped significantly with the endless DNA extractions and species
identifications. Fellow graduate students Stephanie Coster, Jen Walsh, Tim Breton,
Elisha Allen, Daniel Brubaker and Charlotte Gabrielsen helped along the way with
various support, ranging from helping with occasional lab and GIS procedures, to
providing helpful comments on manuscripts or presentations, to listening to my

v

'traumatic'(albeit slightly exaggerated) or just plain ridiculous (corpse acting?) teaching
experiences, or for simply providing a laugh over shared war stories from the trenches of
the graduate school experience.
Finally, I also appreciate the support of my family throughout this endeavor. Even
despite the peanut-gallery comments about my career as a professional student, studying
'rabbit poo' and chasing 'wascally wabbits', each of you enrich my life in your own way
and I'm lucky to have you all.

vi

TABLE OF CONTENTS

DEDICATION

iii

ACKNOWLEDGEMENTS

iv

LIST OF TABLES

xi

LIST OF FIGURES

xiii

ABSTRACT

xv

INTRODUCTION

1

Landscape Genetics - Evaluating Landscape Impacts on Genetic Structure and
Dispersal

2

New England Cottontails as a Case Study

4

Management Questions

7

Broad-scale

7

Fine-scale

7

Research Objectives

8

Broad-scale

8

Fine-scale

8

CHAPTER 1
POPULATION GENETIC STRUCTURE AND HISTORY OF FRAGMENTED
REMNANT POPULATIONS OF THE NEW ENGLAND COTTONTAIL
Abstract

9
9

Introduction

10
vii

Methods

15

Sample Collection and DNA Extraction

15

Microsatellite Genotyping

15

Descriptive Statistics

19

Population Differentiation and Structure

20

Detection of Migrants and Recent Gene Flow

21

Population History and Genetic Diversity

22

Results

23

Descriptive Statistics

23

Population Differentiation and Structure

31

Detection of Migrants and Recent Gene Flow

36

Population History and Genetic Diversity

39

Discussion

44

Population Structure

44

Population History and Genetic Diversity

47

Null Alleles and Deviations from Hardy Weinberg Equilibrium

49

Conservation Implications

51

CHAPTER 2
LANDSCAPE GENETICS AND DISPERSAL PATTERNS OF THE NEW ENGLAND
COTTONTAIL

55

Abstract

55

Introduction

56

Hypotheses

60

Methods

62
viii

Study System and Sample Collection

62

Microsatellite Genotyping

66

Population Genetic Structure, Diversity and Effective Size

67

Dispersal Barriers

69

Fine-scale Spatial Genetic Structure and Dispersal

69

Sex-biased Dispersal

70

Results

71

Population Genetic Structure, Diversity and Effective Size

74

Dispersal Barriers

86

Fine-scale Spatial Genetic Structure and Dispersal

91

Sex-biased Dispersal

99

Discussion

104

Population Genetic Structure and Diversity

104

Dispersal Barriers

106

Fine-scale Spatial Genetic Structure and Dispersal

108

Sex-biased Dispersal

109

Conservation Implications

113

CHAPTER 3
CONCLUSION

117

Broad-scale Management Questions

118

What is the current genetic structure of remnant cottontail populations and how
genetically differentiated are those populations?

118

How has fragmentation at a range-wide scale influenced remaining cottontail
populations?

119
ix

How will current effective population size and genetic diversity affect cottontail
persistence across the region?

121

What are the conservation genetic implications for future management practices?
E.g. Should cottontails be translocated among populations?
Fine-scale Management Questions

122
123

Is current gene flow and genetic diversity sufficient to sustain cottontail populations
in southern Maine and seacoast New Hampshire?

123

Are there landscape barriers to gene flow that will require mitigation?

125

How does fragmentation at a landscape scale affect cottontail dispersal and genetic
structure?

126

Is dispersal sex-biased, and how will that affect management?

128

APPENDICES

131

Appendix I: Additional considerations for the genetic conservation of the New England
cottontail

132

Reintroductions

133

Translocations

134

Captive Breeding

135

Appendix II: Additional information for non-geneticicsts: summary of genetic
programs terms

138

Summary of genetic programs

138

Explanation of genetic terms

146

LITERATURE CITED

150

x

LIST OF TABLES

Table 1.1 Multiplex PCR conditions for 16 microsatellite loci optimized in this
study for New England cottontails

18

Table 1.2 Genotyping error rates for noninvasive New England cottontail fecal pellet
samples at 13 autosomal and 1 Y-chromasomal microsatellite loci

27

Table 1.3 New England cottontail null allele frequencies per locus by population
calculated in INEST and FreeNA

28

Table 1.4 Weir and Cockerham's FJS and P values of the 5 geographic populations of
New England cottontails at 13 autosomal loci, as computed in GENEPOP

29

Table 1.5 Genetic diversity of the 5 geographic populations of the New England
cottontail

30

Table 1.6 Pairwise F$T values for the 5 geographic New England cottontail populations,
calculated using original and null allele-corrected FreeNA datasets

32

Table 1.7 Results of assignment tests and detection of migrants of New England
cottontail genetic clusters identified in STRUCTURE

37

Table 1.8 Estimated effective population sizes (Ne) and results of genetic bottleneck tests
of New England cottontail genetic clusters

42

Table 2.1 Genotyping error rates for noninvasive New England cottontail fecal pellet
samples at 7 autosomal and 1 Y-chromasomal loci

XI

73

Table 2.2 Genetic diversity of New England cottontail populations in southern Maine and
New Hampshire, USA

77

Table 2.3 Pairwise FST of New England cottontail geographic populations

78

Table 2.4 Genetic diversity of New England cottontail genetic clusters in southern Maine
and New Hampshire

82

Table 2.5 Pairwise FST of New England cottontail genetic clusters

83

Table 2.6 Estimated effective population sizes of New England cottontail genetic clusters
in southern Maine and New Hampshire

84

Table 2.7 Results of genetic bottleneck tests of New England cottontail genetic
clusters

85

Table 2.8 Characterization of patches occupied by New England cottontails in each
genetic cluster in southern Maine and Seacoast New Hampshire

93

Table 2.9 Spatial autocorrelation of New England cottontail relatedness by distance class
for each genetic cluster in southern Maine and Seacoast New Hampshire

96

Table 2.10 New England cottontail pairwise genetic comparisons of spatial
autocorrelation by distance class

97

Table 2.11 Results of sex-bias dispersal analyses calculated in FST AT for the New
England cottontail

102

xii

LIST OF FIGURES

Figure 1.1 Historic range (prior to ca. 1960) and current distribution of the New England
cottontail in the northeastern United States

14

Figure 1.2 Determination of K, the number of genetic clusters of New England cottontails
from STRUCTURE and TESS analyses

33

Figure 1.3 Genetic clusters of New England cottontails identified by STRUCTURE
analyses

34

Figure 1.4 Individual assignment probabilities of New England cottontails to genetic
clusters

35

Figure 1.5 One-way ANOVA of mean allelic richness of the 5 New England cottontail
genetic clusters identified in STRUCTURE

41

Figure 1.6 Posterior density distribution plots of F, the probability of any two genes
sharing a common ancestry within a population, under the genetic drift in isolation model
for each New England cottontail genetic cluster

43

Figure 2.1 Sampling scheme for winter field surveys of New England cottontail fecal
pellets during winter of 2008/2009 and all patches searched during both field
seasons

65

Figure 2.2 New England cottontail sampling locations and genetic clusters in southern
Maine and New Hampshire, USA

79

xiii

Figure 2.3 Individual New England cottontail assignment probabilities to genetic clusters
determined by STRUCTURE and TESS

80

Figure 2.4 TESS hard-clustering diagram of New England cottontail genetic clusters for
K=4

81

Figure 2.5.1 Identification of genetic barriers of New England cottontails across the
landscape in southern Maine and Seacoast New Hampshire

87

Figure 2.5.2 New England cottontail genetic discontinuities identified in the Cape
Elizabeth genetic cluster

88

Figure 2.5.3 New England cottontail genetic discontinuities identified in the Kittery East
genetic cluster

89

Figure 2.5.4 New England cottontail genetic discontinuities identified in the Kittery West
genetic cluster

90

Figure 2.6.1 Patch outlines of occupied New England cottontail habitat in southern Maine
and New Hampshire. A.) Cape Elizabeth B.) Kittery East

94

Figure 2.6.2 Patch outlines of occupied New England cottontail habitat in southern Maine
and New Hampshire. C.) Kittery West

95

Figure 2.7 Spatial autocorrelation of New England cottontail samples by genetic
cluster

98

Figure 2.8 Comparisons of New England cottontail relatedness by sex and distance class
in each genetic cluster

101

Figure 2.9 Mean Ale based on GENECLASS log-likelihood assignment tests among
male and female New England cottontails

103

xiv

ABSTRACT
LANDSCAPE GENETICS OF THE NEW ENGLAND COTTONTAIL: EFFECTS OF
HABITAT FRAGMENTATION ON POPULATION GENETIC STRUCTURE AND
DISPERSAL
by
Lindsey E. Fenderson
University of New Hampshire, September, 2010

The New England cottontail (Sylvilagus transitionalis) is a species of
conservation concern. Population recovery will require knowledge of genetic structure
and dispersal patterns. To this end, I used microsatellite loci to assess genetic structure at
two spatial scales: across the entire range (broadscale) and within the northernmost
population (finescale).
Range-wide, cottontails are separated into five distinct populations. There was
little evidence of gene flow among populations and they have experienced extensive
genetic drift. Several populations had comparatively reduced genetic diversity.
Intensive fine-scale surveys revealed four genetically differentiated populations.
Interstate-95 is a dispersal barrier, though other major roads did not impact gene flow.
Greater fragmentation resulted in stronger spatial genetic structure. Dispersal is femalebiased, yet female dispersal may be limited by patch isolation.
Management efforts should focus on increasing habitat and restoring connectivity.
Additional surveys may be needed across the range to identify population-specific
dispersal barriers that may require special mitigation.

xv

INTRODUCTION

Genetic diversity within a population is crucial for its persistence, enabling a
population to adapt to environmental change (Frankham et al. 2002). As humans
impose relatively rapid and drastic changes on the environment, it is becoming
increasingly important that efforts to conserve wild plant and animal species include
considerations of how the landscape functions in promoting or preventing genetic
exchange (Britten and Baker 2002).
Habitat loss and fragmentation segregate wildlife populations into disjunct
subpopulations. The degree of connectivity among those subpopulations influences
how much gene flow exists in the population as a whole. Reduced connectivity can
ultimately drive populations to extinction. As subpopulations become increasingly
isolated, they may incur loss of genetic diversity, increased potential for inbreeding
which is associated with reduced fitness, and a greater risk of extinction due to
stochastic effects on small population sizes (Frankham et al. 2002). Without habitat
connectivity, populations cannot exchange individuals and maintain healthy levels of
outbreeding (Hogg et al. 2006). To prioritize management actions and mitigate the
negative effects of population isolation it is therefore crucial to understand where
dispersal corridors currently exist and where barriers prevent gene flow.
Dispersal rates and pathways are extremely difficult to determine with field
observations (Koenig et al. 1996, Clobert et al. 2001). Population genetic methods are
a powerful alternative tofield-basedestimates (Broquet et al. 2006, Nutt 2008). By
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using population genetic approaches, dispersal rates can be indirectly approximated
by examining the genetic structure of the populations and correlating the amount of
differentiation with gene flow (Rousset 2001). Furthermore, recently developed
individual-based analyses provide direct estimates of contemporary dispersal by
identifying immigrants and their first-generation offspring; the latter of which
indicates successful reproduction and hence gene flow (e.g. Rannala and Mountain
1997, Paetkau et al. 2004). Population genetic analyses alone, however, cannot
account for landscape variables that impact species movements. Yet, management
often necessitates the identification of probable movement corridors between
populations as well as the landscape features that hinder dispersal (Bennett 1999,
Rabinowitz and Zeller 2010.). These data are necessary for planning relocations to
suitable patches as well as for conserving or creating dispersal corridors or habitat
"stepping stones" between populations to encourage and maintain gene flow. To
obtain this information it is necessary to utilize landscape genetics methods (e.g.
Manel et al. 2003, Spear et al. 2005, Stevens et al. 2006).
Landscape Genetics - Evaluating Landscape Impacts on Genetic Structure and
Dispersal
Landscape genetic analyses correlate landscape or environmental attributes
with population subdivisions determined from genetic data (Storfer et al. 2007,
Holderegger and Wagner 2008). Not all habitat types or landscape features are
equally traversable for any given species. Thus, natural and anthropogenic dispersal
barriers (or facilitators) can be determined by identifying population clusters based on
the genetic similarity of sampled individuals and evaluating the landscape features
associated with the boundaries between those clusters (Coulon et al. 2006). Landscape
genetic studies are highly relevant to conservation programs because they identify the
2

best sites for translocation or reintroduction that will maximize gene flow (e.g. Epps
et al. 2007), and the success of those reintroductions can be evaluated subsequently
via population genetic analyses (e.g. Kramer-Schadt et al. 2004, Triant et al. 2004).
Landscape genetic approaches can also be used to test specific hypotheses
about population connectivity or to evaluate dispersal behavior by analyzing the
effective geographical distance (EGD) between populations (Michels et al. 2001).
EGD is a composite measure of the linear distance between populations and the
hypothesized costs of dispersal (e.g. relative risk of predation) associated with the
various landscape features between those populations (Cushman et al. 2006, Epps et
al. 2007). Habitat types that are less "permeable" for a given species will have a
higher cost associated with dispersal through that habitat. For example, in the alpine
butterfly (Parnassius smintheus), open meadows were found to facilitate gene flow
whereas forests acted as natural barriers to genetic exchange (Keyghobadi et al.
1999). Major roads are often dispersal barriers for many species. Road mortality was
found to result in isolated habitat patches and to limit population connectivity for the
Eurasian lynx {Lynx lynx, Kramer-Schadt et al. 2004). Similarly, Gerlach and Musolf
(2000) found that a highway created population subdivision in bank voles
{Clethrionomys glareolus). Hence, it is evident that landscape characteristics can have
a serious impact on gene flow among populations and that changes in land use will
inevitably affect wildlife population dynamics (McRae et al. 2008). Understanding
these landscape influences is necessary for successful conservation management
practices (Lindenmayer et al. 2007).
Human-induced landscape changes are evident throughout the world,
including in the northeastern United States (Houghton 1994, Hansen et al. 2004). The
landscape of New England has undergone vast transformations as a direct result of
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human influence. Since about 1600, forests were gradually cleared for agriculture,
peaking in deforestation around 1850 (Foster et al. 2002). Extensive farm
abandonment in the 19th and early 20th centuries caused a temporary but strong
increase in early-successional habitat followed by an increase in forested regions in
the last 150 years. Additionally, in many areas, human population increase and
development have resulted in habitat loss and fragmentation of both forested and open
landscapes. These landscape alterations have caused concurrent changes in wildlife
assemblages such that many forest-dependent species (e.g. white-tailed deer,
Odocoilus virginianus) have vastly increased in recent decades, while several earlysuccessional or openland species (e.g. eastern meadowlark, Stumella magna) are now
in decline (Litvaitis 1993, Foster et al. 2002). Conservation of the latter species will
require an understanding of the influence of the current landscape of New England on
wildlife population dynamics and recently developed genetic techniques are ideally
suited to this task (Segelbacher et al. 2010).
New Eneland Cottontails as a Case Study
One species that may now be threatened with extinction due to land use
change is the New England cottontail (Sylvilagus transitionalis, Bangs, 1895). The
New England cottontail is a relatively small, solitary lagomorph, which usually only
associates with conspecifics to mate (Litvaitis et al. 2008). New England cottontails
have experienced population decline and range contraction in recent decades due to
habitat fragmentation and land use change (Litvaitis et al. 2008). In the northeastern
United States, the estimated historical distribution of this species encompassed
portions of New England and eastern New York. Today, the New England cottontail
exists on a mere 14% of that meager historic distribution, with occupied habitat
estimated to have declined by nearly 78,000 km2 (Litvaitis et al. 2006).
4

New England cottontails require early-successional habitat with dense
understory vegetation, typical of habitat generated by idle agricultural lands (Litvaitis
et al. 2003) or coastal thickets. This type of habitat is ephemeral and is only ideal for
NEC for roughly a span of 15 years. Approximately 25 years after abandonment, the
idle fields will have become reforested, causing much of the understory vegetation to
die out, and hence become unsuitable for NECs (Litvaitis et al. 2008). Wide-spread
farm abandonment throughout New England in the latter half of the 19th and early 20th
centuries initially resulted in an increase of early-successional habitat as well as a
related increase in NEC populations (Litvaitis 1993). By about 1960, most of those
abandoned agricultural lands had become reforested and cottontail habitat drastically
diminished. Additionally, human populations have increased in the past century in
New England, resulting in development and increased fragmentation of remaining
New England cottontail habitat. As a result, New England cottontails have not simply
returned to pre-settlement population levels, but are suffering continuous population
decline due to habitat loss.
The New England cottontail has been reduced to living in smaller, more
isolated patches in the New England landscape and consequently may be at risk for
deleterious population effects such as loss of genetic diversity. Recent population
surveys of New England cottontails show that the species now currently exists in only
five discrete remnant populations in New England (Litvaitis et al. 2006). Preliminary
data suggest that the eastern Massachusetts population may already be genetically
distinct and relatively homogenous (Kovach, unpublished data). Throughout much of
their range, individual New England cottontails are restricted to small (<2.5 ha)
patches that may be functioning as populations sinks, where rabbits must frequently
forage on low quality foods farther from escape cover, increasing their risk of
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predation (Barbour and Litvaitis 1993). Additionally, the changing land use has
resulted in an increase in generalized predators such as coyotes (Canis latrans) and
foxes (Vulpes vulpes), creating further pressure on the survival of New England
cottontails (Oehler and Litvaitis 1996). For these reasons, the New England cottontail
is currently a candidate for federal endangered species listing and has been given
endangered species protection in Maine and New Hampshire (USFWS 2006, MDIFW
2007, NHFG 2008). It is a species of high conservation priority in all New England
states and New York (USFWS 2009). Its conservation will require an understanding
of not only its ecology but also its population genetic structure and inter-population
connectivity.
Studies using landscape and population genetic approaches are needed to
determine how much gene flow currently exists within and among New England
cottontail populations, what landscape features may hinder or facilitate gene flow
among populations, and to discern patterns of fine-scale dispersal. More precise
information about cottontail dispersal is needed to best conserve this species and its
rapidly deteriorating habitat. Landscape genetic methods can be used to provide these
data, with which it will be possible to determine which populations of New England
cottontails are the most genetically isolated and are most in need of restoration
management.
This study aims to investigate the genetic structure of the remaining New
England cottontail populations and how it is influenced by landscape features. By
using primarily noninvasive samples and microsatellite DNA markers, I evaluated
New England cottontail population genetic structure at two spatial scales: using
samples collected from multiple sources across the entire current range (broad-scale)
and with an intensive survey in the southern Maine/Seacoast New Hampshire
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population (fine-scale). Assessing New England cottontail populations at these two
spatial scales lends itself to answering several different questions pertinent to the
conservation of the species:
Management Questions:
Broad-scale

1.) What is the current genetic structure of remnant cottontail populations and
how genetically differentiated are those populations?
2.) How has fragmentation at a range-wide scale influenced remaining
cottontail populations?
3.) How will current effective population size and genetic diversity affect
cottontail persistence across the region?
4.) What are the conservation genetic implications for future management
practices? E.g. Should cottontails be translocated among populations?
Fine-scale
1.) Is current gene flow and genetic diversity sufficient to sustain cottontail
populations in southern Maine and seacoast New Hampshire?
2.) Are there landscape barriers to gene flow that will require mitigation?
3.) How does fragmentation at a landscape scale affect cottontail dispersal and
genetic structure?
4.) Is dispersal sex-biased, and how will that affect management?
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To answer these questions, my specific objectives were:
Research Objectives
Broad-Scale
1. Evaluate population genetic structure range-wide
2. Estimate current levels of gene flow among populations
3. Assess genetic diversity and effective size of remnant populations
4. Use the genetic data to detect recent genetic bottlenecks and to evaluate the relative
influence of genetic drift on current population structure
Fine-Scale
1. Characterize the population genetic structure, diversity and gene flow at a local
scale
2. Quantify fine-scale gene flow and identify landscape barriers to dispersal
3. Investigate patterns of dispersal in relation to patch characteristics and
fragmentation
4. Determine patterns of sex-biased dispersal
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CHAPTER 1

POPULATION GENETIC STRUCTURE AND HISTORY OF FRAGMENTED
REMNANT POPULATIONS OF THE NEW ENGLAND COTTONTAIL

Abstract

The New England cottontail (Sylvilagus transitionalis) has suffered extensive
habitat loss and fragmentation and is now a species of conservation priority in the
northeastern United States. Remnant New England cottontail populations currently
occur in five geographically disjunct locations: southern Maine and southeastern New
Hampshire (MENH); the Merrimack Valley in central New Hampshire (NH-MV);
Cape Cod, Massachusetts (CC); parts of eastern Connecticut and Rhode Island
(CTRI); and western Connecticut, southeastern New York and southwestern
Massachusetts (CTNY). I used microsatellite genotyping to discern patterns of
population structure, genetic variability, and demographic history across the species'
range and to assess whether the observed patterns are a consequence of recent habitat
loss and fragmentation. My findings show that the geographic populations are highly
differentiated (overall FST = 0.145; P<0.001). Using Bayesian clustering analyses, I
identified five genetic clusters, which corresponded closely to the geographic
populations, but grouped MENH & NH-MV together (ME/NH) and identified an
isolated population in eastern Connecticut (Bluff Point). The genetic clusters showed
little evidence of recent gene flow and are highly influenced by genetic drift. The CC
9

and Bluff Point populations show signs of a genetic bottleneck, while the ME/NH
population shows evidence of ongoing decline. Populations in Bluff Point, CC, and
ME/NH also show significantly reduced genetic variation relative to the other clusters
(CTNY and CTRI without Bluff Point). Without immediate human intervention, the
short-term persistence of New England cottontail populations in Maine, New
Hampshire and Cape Cod is at great risk. Conservation efforts at this time should
focus on within-population sustainability and eventually restoring connectivity among
these isolated populations.
Introduction
Landscape effects on promoting or preventing genetic exchange are becoming
increasingly important to consider in conservation efforts of wild plant and animal
species. Habitat loss and fragmentation reduce connectivity among wildlife
populations and can ultimately drive populations to extinction (Reed 2004). Isolated
populations have smaller effective sizes and incur a greater risk of extinction due to
stochastic effects (Frankhamet al. 2002). As evidenced in many recent studies (e.g.,
White and Searle 2007; Dixo et al. 2009), when subpopulations become isolated, they
lose genetic diversity. The loss of genetic diversity limits evolutionary potential
(Johansson et al. 2007) and populations are more likely to experience inbreeding
depression (Keller and Waller 2002; Willi et al. 2006; Wright et al. 2008). Without
habitat connectivity, populations cannot exchange individuals and maintain healthy
levels of outbreeding. Consequently, understanding the genetic structure of threatened
and endangered species is important in management and conservation efforts.
Population genetic studies, especially in combination with other ecological
research, can aid our understanding of population history (Hansen and Taylor 2008)
10

and provide necessary information for the designation of management units
(Gonzalez-Suarez et al. 2009). Such data also provide information about population
connectivity and the genetic health of populations, which are beneficial when making
translocation or captive breeding decisions (Johnson 2000) and for successful
reintroductions to increase the genetic exchange of individuals (Maudet et al. 2002).
Whether the goal is to increase genetic diversity or to maintain potential local
adaptations, by recognizing the degree of genetic divergence among populations,
wildlife professionals can make more informed management decisions.
One species that is threatened with extinction as a result of habitat loss and
fragmentation is the New England cottontail (Sylvilagus transitionalis). This habitat
specialist requires densely vegetated areas, such as coastal thickets or earlysuccessional habitat with extensive understory vegetation (Litvaitis et al. 2003). Its
historic range extended throughout most of New England and eastern New York, a
landscape that has undergone vast transformations since pre-colonial times. Beginning
in the early 1600s, forests were gradually cleared for agriculture, peaking in
deforestation around 1850 (Foster et al. 2002). Wide-spread farm abandonment
throughout New England in the latter half of the 19th and early 20th centuries initially
resulted in an increase of early-successional habitat with a concurrent increase in New
England cottontail populations (Litvaitis 1993). However, this type of habitat is
ephemeral and is only ideal for cottontails for a span of approximately 15 years.
About 25 years after abandonment, idle fields become reforested, causing much of the
understory vegetation to die out and hence become unsuitable for cottontails (Litvaitis
et al. 2008). By about 1960, most abandoned agricultural lands had become reforested
and New England cottontail habitat drastically diminished. Increased development in
New England in the last 50 years has resulted in fragmentation of the remaining
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suitable habitat. Consequently, New England cottontails have not simply returned to
pre-settlement population levels, but instead are suffering continuous population
decline.
As a result of habitat loss, the New England cottontail has been reduced to
living in smaller, more isolated patches in the New England landscape. Today, the
New England cottontail only inhabits a mere 14% of its historic distribution (Figure
1.1), with occupied habitat estimated to have declined by nearly 78,000 km2 (Litvaitis
et al. 2006). Recent range-wide surveys show that the species currently exists in only
five geographically disjunct locations: southern Maine and southeastern New
Hampshire (MENH); the Merrimack Valley in central New Hampshire (NH-MV);
Cape Cod, Massachusetts (CC); parts of eastern Connecticut and Rhode Island
(CTRI); and western Connecticut, southeastern New York and southwestern
Massachusetts (CTNY). As a result of the severe habitat loss and range contraction,
the New England cottontail may be at risk for deleterious population effects such as
loss of genetic diversity and extinction (e.g., Ciofi and Bruford 1999; Bijlsma et al.
2000). For these reasons, the New England cottontail is currently a candidate for
federal listing under the Endangered Species Act and is considered to be a species of
greatest conservation need in all New England states and New York (USFWS 2006;
USFWS 2009). Its protection and recovery will require an understanding of not only
its ecology but also its population genetic structure. The latter will yield insight into
the genetic connectivity of remnant populations and indicate which populations are
the most genetically isolated and most in need of restoration management.
To address these needs, I investigated the genetic structure of the remaining
New England cottontail populations. My objectives were to assess levels of genetic
variation within, as well as genetic differentiation and gene flow among, the five
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geographically isolated populations. I also infer patterns of demographic history,
including tests to assess the relative influence of genetic drift versus drift-migration
equilibrium and to determine if there are genetic signatures of recent population
bottlenecks. My results are aimed to inform resource managers about the processes
that have shaped the genetic diversity of these remnant populations and what they
imply for the conservation of the species given the current landscape structure.
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Figure 1.1. Historic range (prior to ca. 1960) and current distribution of the New
England cottontail in the northeastern United States. Remnant populations are found
in 5 geographic locations: seacoast region of southern Maine and New Hampshire
(MENH); Merrimack River valley of New Hampshire (NH-MV); Cape Cod,
Massachusetts (CC); eastern Connecticut and Rhode Island (CTRI); western
Connecticut, southeastern New York, and southwestern Massachusetts (CTNY).
Historic range GIS data obtained from Patterson et al. (2007) and modified based on
Tash and Litvaitis (2007)
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Methods

Sample Collection and DNA Extraction
New England cottontail tissue (n = 153) and fecal pellet (n=81) samples were
obtained from range-wide live-trapping or noninvasive surveys conducted throughout
the species' range between 1990 and 2009. A few opportunistically collected road-kill
samples were also used. All samples were stored at -20°C prior to extraction.
DNA was extracted from the tissue samples using a standard phenolchloroform-isopropanol extraction (Litvaitis and Litvaitis 1996) or by using the
DNeasy Blood and Tissue Kit (Qiagen, Valencia, Calif.), following the
manufacturer's instructions. DNA was extracted from fecal pellets using the
QIAamp® DNA Stool Mini Kit (Qiagen, Valencia, Calif.), following the
manufacturer's instructions with minor modifications, as described in Kovach et al.
(2003). Due to the possible presence of other sympatric lagomorph species (snowshoe
hare Lepus americanus, eastern cottotnail Sylvilagus floridanus) in the surveyed sites,
all pellets were first identified to species using a diagnostic RFLP analysis (Litvaitis
and Litvaitis 1996; Kovach et al. 2003).
Microsatellite Genotvping
DNA samples were amplified at 16 microsatellite markers using multiplexed
PCR and published protocols optimized for this study (Table 1.1). These loci were
developed for the European wild rabbit (Oryctolagus cuniculus - Sol03 - Rico et al.
1994; Sol44- Surridge et al. 1997; Sat3, Sat7, Sat 12, Satl3- Mougel et al. 1997;
INRACCDDV016, INRACCDDV021, INRACCDDV0100, INRACCDDV0106,
INRACCDDV0241, INRACCDDV0259, INRACCDDV0326 (SRY marker) Chantry-Darmon et al. 2005 (hereafter, all INRA primer names have been
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abbreviated); D6Utr4- Korstanje et al. 2003) and two South African hares (Lepus
saxatilis and L. capensis - Lsal, Lsa8-Kryger et al. 2002). Samples were genotyped
usingfluorescentdye-labeled primers and an automated DNA sequencer (ABI 3130,
Applied Biosystems, Foster City, CA). Alleles were manually scored and genotypes
determined for each individual using Peak Scanner 1.0 (Applied Biosystems, Foster
City, CA).
Since the pellet samples yielded lower quality and quantity of DNA than the
tissue samples, I used a multiple-tubes approach of at least three successful
independent PCR amplifications from the same DNA extract (or additional DNA
extracted from another pellet collected from the same location) to detect and eliminate
genotyping errors (Taberlet et al. 1996). If the DNA sample was exhausted before
three replicate genotypes could be obtained, I retained a genotype at a given locus if it
successfully amplified twice and an identical genotype was obtained each time. I
examined genotypes of multiple pellet extractions from the same patch to ensure that
they were indeed from the same individual (i.e., identical multilocus genotypes). If
this was not the case, or there were not enough data for a single extract for a confident
genotype determination, only the extracts with enough genotype data as described
above were used for analyses. Samples missing data at four or more loci were
excluded from analyses.
Raw genotypes were binned using FlexiBin V2 (Amos et al. 2007) and a
consensus multilocus genotype for each sample was manually created. To quantify
pellet sample genotyping error rates, I manually compared all replicate genotypes to
the consensus genotype and categorized discrepancies as either false alleles or allelic
dropout. I scored as false alleles those that appeared only once in all replicates of a
sample at a given locus. This may have slightly inflated both homozygosity and false
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allele genotyping error rates; however, I considered this a conservative measure and it
is unlikely to have significantly impacted the results of my population-level analyses.
Genotyping error was also examined using MICRO-CHECKER (van Oosterhaut 2004),
which tests for large-allele dropout, null alleles and stuttering. The program INEST
(Chybicki and Burczyk 2009) was used to simultaneously estimate the presence of
null alleles and inbreeding coefficients, using the individual inbreeding model and
1,000,000 iterations of the Gibbs sampler. A null allele (NA) corrected dataset was
created in FreeNA (Chapuis and Estoup 2007) using 10,000 replicates. I used this
dataset in addition to the original dataset for determining the degree of population
differentiation.
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Table 1.1. Multiplex PCR conditions for 16 microsatellite loci optimized in this study
for New England cottontails.
Primer
MgCI2
dNTP
Annealing
Locus
Cycles
/Multiplex
concentration (mM)
(mM)
Temperature
(urn)
(°C)
0.24
3.00
0.20
56
35
Satl2/Lsal

/Lsa8t
Satl3J
INRAlOOt
INRA106J
Sat3/Sat7J
INRA16
/INRA21/Yt
6L1F10
/INRA241
/INRA259f
Sol44*|
Sol03*|

0.33
0.64
0.64
0.33
0.64

1.50
1.00
1.25
2.50
1.50

0.20
0.20
0.20
0.20
0.25

55
60
56
58
60

38
35
35
40
35

0.67

1.50

0.25

60

35

0.20
0.20

2.50
3.00

0.20
0.20

62
52

40
40

{Cycling Conditions:
Temperature
Time
(°C)

fCycling Conditions:
Temperature
Time
(°C)
Initial
Denaturation:
Denaturation:
Annealing:
Extension:
Final
Extension:

95

5'

95

5'

95

30"

95

30"

See Table
72

90"
30"

See Table
72

30"
60"

60

30'

72

T

*12.5 ul reaction
All PCRs were in 15 ul reactions, except as noted. All reactions used IX BSA, IX
buffer, and 0.75 U Taq polymerase.
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Descriptive Statistics
To ensure that resampled individuals were not used in these analyses, I
identified unique genotypes using the computer program DROPOUT (McKelvey and
Schwartz 2005). I evaluated the discriminatory power of my loci using the more
conservative probability of identity statistic for related individuals (PID-SIB), as it is
appropriate for wildlife populations that may be comprised of close relatives or for
small populations that may be inbred (Waits et al. 2001).
I tested for deviations from Hardy-Weinberg (HWE) and linkage equilibrium
with GENEPOP 3.4 (Raymond and Rousset 1995) and corrected for multiple
comparisons using the sharpened false discovery rate (FDR) control (Benjamini and
Hochberg 2000) as implemented in Excel Spreadsheet Tabulator (Verhoeven et al.
2005). The inbreeding coefficient FIS was calculated in FSTAT (Goudet 1999) and
significance was examined using an adjusted P-value corresponding to a = 0.05 after
Bonferroni correction (Rice 1989). Observed and expected heterozygosities, number
of alleles, allelic richness and private alleles were calculated with GENALEX 6.3
(Peakall and S mouse 2006).
Because samples used in this study were collected over a 20-year time period,
during which population decline and loss of genetic diversity may have occurred, I
performed several tests to determine if grouping these temporally spaced samples
could have impacted my results. I only performed these tests on the MENH
population, as it was the only population to have a sufficient sample size from two
different time periods. Twenty-one samples collected from primarily the Seacoast
New Hampshire area between 1990 and 1995 were compared to 23 samples collected
between 2001 and 2009 from Seacoast New Hampshire and York County, Maine.
Allele frequencies were compared with a two-sample t-test after arcsine
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transformation using the Anscombe (1948) method (Zar 1999). Allelic richness and
observed heterozygosity per locus were compared with a Mann-Whitney U test. Fis
and Weir and Cockerham's (1984) estimator of FST were calculated in FSTAT, using
Bonferonni adjusted P-values (a = 0.05) implemented in the program Effective
population sizes (JVe) for each temporal sample were estimated using two methods - a
linkage disequilibrium method as performed in LDNe (Waples 2006), using 0.05 as the
lowest allele frequency; and a Bayesian method implemented in ONeSAMP (Tallmon
et al. 2008).
Population Differentiation and Structure
Genetic differentiation among geographic populations was measured using
pairwsie FST calculated also in FSTAT. A Mantel test was performed in GENALEX to
test for isolation by distance among populations, using the natural log of the shortest
estimated overland distance between the approximate centers of the geographical
populations and F S T/(1-

FST)

as the genetic distance.

Population structure was also evaluated using two individual-based, Bayesian
clustering methods: STRUCTURE 2.1 (Pritchard et al. 2000) and TESS 2.3 (Chen et al.
2007). Twenty runs of STRUCTURE at each K from 1-10 were conducted with a burnin of 100,000 iterations and run-length of 500,000 iterations. I tested both the
admixture and no admixture models, which produced similar results. Because the five
geographic populations are spatially disjunct, I report on the no admixture model and
assumed independent allele frequencies. The optimal number of genetic clusters (K)
was determined both by examining the plateau of the lnPr(X|K) as suggested by
Pritchard et al. (2000) and by calculating the second order rate of change in the
likelihood of K (AK) (Evanno et al. 2005). Although STRUCTURE has a model to
incorporate data with null alleles (Falush et al. 2007), it was not utilized due to its
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reported lack of improved performance over the other models and because the
influence of null alleles on these types of analyses is most likely minimal (Carlsson
2008).
For comparison, I also used TESS 2.3 (Chen 2007) to estimate the number and
locations of genetically similar clusters. Unlike STRUCTURE, TESS incorporates the
spatial sampling locations into the analyses to assess genetic cluster membership. I
used the no admixture model and conducted twenty runs at each K from 2-10 with
600,000 total sweeps and a burn-in of 100,000 sweeps. The interaction parameter was
set to 0.6 and the DIC was averaged across runs for each K. The average DIC was
then plotted against K. and the optimal K was determined from the beginning of the
plateau as well as stabilization of the barplots, as recommended by Durand et al.
(2009).
Detection of Migrants and Recent Gene Flow
Using the results from the cluster analyses described above, samples from the
geographic populations were regrouped according to their genetic clusters and this
prior knowledge was incorporated in STRUCTURE to detect migrants and individuals
with migrant ancestry. As dispersal rates are unknown for this species, I tested a range
of migration values (0.001-0.1) and assessed whether individuals or their immediate
ancestors (up to two generations back) had migrant ancestry by setting GENSBACK = 2
(Pritchard et al. 2000).
Self-assignment tests and population simulations to test for first generation
migrants were also conducted in GENECLASS 2.0 (Piry et al. 2004). The assignment
test was performed using the Rannala and Mountain (1997) Bayesian method.
Detection of migrants was conducted using the Lhome/Lhomemax criterion with
Monte Carlo resampling (Paetkau 2004) and an alpha level of 0.01.
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Population History and Genetic Diversity
I performed several analyses to examine genetic variability and recent
population processes. To assess genetic variability among the genetic clusters, I
compared allelic richness using a one-way analysis of variance (ANOV A), blocked by
locus in JMP8 (SAS Institute, Cary, NC). Current effective population sizes of each
genetic cluster were estimated using LDNe and ONeSAMP, as described above. To test
for recent population declines, I used two approaches: BOTTLENECK 1.2.02 (Piry et al.
1999) and the M-ratio method (Garza and Williamson 2001). I ran 1000 replications
in BOTTLENECK using the two-phase mutation (TPM) model, assuming 88% stepwise
mutation and 12% infinite allele mutation to coincide with the model parameters used
in the M-ratio test (see below), and set the variance among multiple steps to 12.1
assessed the results with the Wilcoxon signed-rank test and examined the mode-shift
(Luikart et al. 1998). To calculate the M-ratio, because historic effective population
sizes are unknown, I compared results using both an approximation of a maximum,
historic Ne of 5,000 and the mean of my estimates of the current Ne of each cluster
obtained using LDNe and ONeSAMP. I then calculated 0 assuming (J = 5 x 10^. The
softwares M_P_Val.exe and Critical_M.exe were used for the simulations (available
at http://swrsc.noaagox/textblock.asp.\''Division=FED&id=3298). The mean size for
non-single step mutations was set to 2.8 and the percent of mutations larger than
single step was 0.12, as these were the average parameter values found in a literature
survey by Garza and Williamson (2001).
I further evaluated how long populations have been isolated by examining
whether populations have been more affected by genetic drift or are in migration-drift
equilibrium. I tested this with the program 2MOD, using 100,000 iterations (Ciofi and
Bruford 1999). This analysis compares the relative likelihood that a population's gene
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frequencies are the result of a balance between drift and immigration or if the gene
frequencies are the result of the population diverging in isolation. I evaluated the
relative importance of drift relative to gene flow in each population by modeling the
posterior distribution of F. I used LOCFIT (Loader 1999) implemented in the R
statistical package (R Development Core Team 2006) to graph the posterior
distributions and summarized the distribution by the mode and 95% highest posterior
density interval (HPDI), which were calculated using the hdrcde (Hyndman 2010) and
boa (Smith 2005) packages, respectively.
Results
Descriptive Statistics
Two hundred samples successfully amplified at 13 or more loci and were
examined for duplicate genotypes. PID-SIBS for females at the fifteen autosomal loci
was 5.340 x 10"4, meaning for every 1873 (closely related) females, each individual
should have a unique multilocus genotype. Males could be distinguished with even
greater certainty, with a PID-SIBS of2.892xl0"\ This was due to the polymorphism of
the SRY marker, as well as a characteristic of this marker (probably a gene
duplication event - see Geraldes and Ferrand 2006) that resulted in many male
individuals having heterozygous genotypes at this locus. These probabilities of
identity indicate sufficient power for detecting unique individuals. Eight pairs of
duplicated samples were found. For each pair, a randomly selected sample was
removed from the dataset, unless one duplicate was a tissue sample and the other a
pellet sample, in which case the tissue sample was retained. The sex ratio was slightly
male-biased overall, with 0.9 females identified for every male. The sex ratio within
most populations was nearly equal, although there were twice as many male samples
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analyzed from CC (1M.0.47F), whereas more females were sampled in MENH
(1M1.23F).
Two loci (INRA100 and INRA21) exhibited very low polymorphism (H0:
0.014 and 0.016, respectively) and were excluded from further analyses. Average
allelic dropout error rate across all fourteen remaining loci was 0.043 per genotype
and 0.021 per allele (Table 1.2). Average false allele error rate was 0.037 per
genotype and 0.020 per allele.
Eight loci showed signs of null alleles in at least one population (Sol03, Sol44,
Lsal, Lsa8, Satl3, Sat7, D6Utr4, INRA16). Null allele frequency estimates from
FreeNA ranged from essentially 0 to 20% and INEST estimates, while comparable in
most cases, were slightly higher for all loci in all populations (range: 3.7 - 27.6%;
Table 1.3). Deviations fromHWE at a number of loci in each population were
detected (Table 1.4). Overall, only the NH-MV population did not show significant
deviation from HWE (P - 0.0881). Several locus pairs also showed evidence of
linkage disequilibrium, primarily within the CTNY population (Satl2/Lsal,
D6Utr4/TNRA241, Sol44/INRA259) and one pair was significant for the CTRI
population (Sat3/TNRA16). Given the population-specific nature of the linkage
disequilibrium, it is not likely a result of physical chromosomal linkage nor a concern
for further analyses. Linkage disequilibrium is often found in small populations and
may be a result of subdivisions within the population sample or recent fragmentation
(Frankham et al 2002; Zartman et al. 2006).
The number of alleles in each population, averaged across loci, ranged from
2.9 to 4.7 (Table 1.5). Average allelic richness was lowest in the MENH population
(2.554) and highest in the CTNY population (4.009). Observed heterozygosity ranged
from 0.223 in MENH to 0.492 in CTNY and was lower in all cases than the unbiased
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expected heterozygosity (range 0.288 to 0.555). Numerous private alleles were found
in the CC and CTNY population and only the NH-MV population lacked any private
alleles. Estimated F/s values calculated in INEST were much smaller than those
calculated in FSTAT. With the exception of the NH-MV population, all inbreeding
coefficients calculated in FSTAT with the original dataset were significantly positive;
however none were significantly different from zero when null alleles were
acknowledged.
There were no significant differences in allele frequencies, allelic richness, or
observed heterozygosity in the MENH temporally spaced samples. However, both
mean allelic richness (2.6 vs. 2.5) and mean observed heterozygosity (0.23 vs. 0.20)
were slightly lower in the more recent sample. The percent of polymorphic loci
declined slightly from 69.23% in the early 1990s sample to 61.54% in the more
recently collected sample. Fis values were similar for the two samples, but slightly
lower (0.21) for the recent sample compared to the 1990s sample (0.23), and both
were significantly greater than zero (without correction for null alleles). The two
temporal samples were significantly differentiated (FST = 0.05, P <0.05), indicating
temporal genetic change. However, the magnitude of differentiation between these
two samples was similar to the difference between MENH (overall) and NH-MV
(which were grouped into a single genetic cluster, see below) and much smaller than
the differentiation between MENH and the other geographic populations (FST = 0.14 0.20). Additionally, the mean effective population size of the temporal samples
declined by nearly 50% in the more recent sample, for both methods of estimation.
The mean Ne of the 1990s sample estimated with the linkage disequilibrium method
used in LDNe was 96 (95% CI: 33-undefined), while it was 47 (95% CI: 31-75) for the
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2000s sample. The method employed in ONeSAMP estimated a mean of 46 (95% CI:
33-117) for the 1990s sample and 26 (95% CI: 18-65) for the 2000s sample.

INRA326(Y)
Genotype Allele
0.033
0.016
0.049
0.025

INRA16
Genotype Allele
0.037
0.018
0.018
0.009

FA
ADO

FA
ADO

Error rate for the SRY - locus (INRA326) was based upon samples that produced an amplified product in more than one PCR run (2
individuals were classified as males despite only amplifying at INRA326 once in multiple runs).

Sat3
Sat7
D6Utr4
INRA241
1NRA259
Genotype Allele Genotype Allele Genotype Allele Genotype Allele Genotype Allele
0.066
0.043
0.022
0.011
0.009
0.005
0.007
0.003
0.007
0.004
0.040
0.020
0.000
0.000
0.009
0.005
0.027
0.014
0.021
0.011

INRA106
Genotype Allele
0.000
0.000
0.013
0.007

Table 1.2. Genotyping error rates for noninvasive New England cottontail fecal pellet samples at 13 autosomal and 1 Y-chromasomal
microsatellite loci. Rates of false alleles (FA) and allelic dropout (ADO) are indicated per genotype and allele.
Satl2
Sol03
Sol44
Lsal
Lsa8
Satl3
Genotype Allele Genotype Allele Genotype Allele Genotype Allele Genotype Allele Genotype Allele
FA
0.027
0.014
0.105
0.056
0.034
0.017
0.029
0.015
0.034
0.017
0.109
0.065
ADO
0.034
0.017
0.188
0.094
0.051
0.026
0.074
0.037
0.007
0.003
0.065
0.033

00

to

CTNY (38)

CTRI (58)

CC (25)

NH-MV (14)

MENH (58)

Population (N)

^

Sat3
0.05
0.02
0.13
0.02
0.08
O.001
0.09
0.06

Sat7
0.08
<0.001
0.15
<0.001
0.22
0.20
0.12
<0.001
0.20
0.18
0.07
0.03

D6Utr4
0.07
<0.001
0.28
<0.001
0.11
<0.001
0.15
0.10

INRA241
0.08
<0.001
0.15
<0.001
0.11
<0.001
0.11
0.04
0.10
0.07

INRA259
0.08
<0.001
0.167
<0.001
0.10
<0.001
0.11
0.06
0.08
0.01

INRA16
0.10
0.08
0.19
0.12
0.22
0.21
0.15
0.13
0.11
0.10

Table 1.3. New England cottontail null allele frequencies per locus by population calculated in INEST (unshaded) and FreeN A
(shaded). INEST estimated null allele frequencies are significantly higher than those calculated in FreeNA (PO.001; Wilcoxon
paired-sample test).
Population (N)
Sat 12
Sol03
Sol44
Lsal
Lsa8
Satl3
INRA106
0.07
0.11
0.05
0.15
0.18
0.08
0.11
MENH (58)
0.05
<0.001
0.11
0.02
0.14
0.09
0.18
0.09
0.14
0.11
0.20
0.08
0.09
0.21
H-MV (14)
0.17
<0.001
0.02
0.05
0.16
O.001
<0.001
0.09
0.06
0.12
0.05
0.07
0.12
0.11
CC (25)
<0.001
0.04
<0.001
<0.001
0.07
0.05
<0.001
0.04
0.06
0.11
0.18
0.09
0.05
0.08
CTRI (58)
O.001
<0.001
0.01
0.08
0.16
O.001
O.001
0.05
0.09
0.15
0.05
0.04
0.05
0.04
CTNY (38)
0.07
0.13
<0.01
<0.001
O.001
0.02
0.02

-0.021
1.000
0.350
0.028
0.045
0.183

0.613
0.004*

Highly sign.

CTNY (38)

Overall
Probability

0.041

—

—

—

D6Utr4
-0.009
1.000

Sat7

0.698
0.000*

CTRI (58)

CC (25)

NH-MV (14)

MENH (58)

Population (N)

0.045

-0.021
1.000
0.171
0.281
0.188
0.156

—

INRA241

0.147

-0.029
1.000
0.208
0.187
0.048
1.000

—

INRA259

0.000*

INRA16
0.319
0.040
0.464
0.220
0.579
0.001*
0.327
0.004*
0.244
0.040

Highly Sign.*

0.000*

0.028*

0.088

Highly Sign"

Overall Probability

Table 1.4. Weir & Cockerham's Fis and P values of the 5 geographic populations of New England cottontails at 13 autosomal loci, as
computed in Genepop. P-values are shaded below Fis values. Asterisk indicates significance at 0.05 level after false discovery rate control
Sat3
Population (N)
Satl3
INRA106
Sat 12
Sol03
Sol44
Lsal
Lsa8
-0.018
0.453
0.221
0.388
1.000
0.153
0.050
MENH (58)
0.470
0.002*
<0.001*
0.000*
0.009*
0.223
0.074
0.178
-0.040
0.472
0.060
0.050
0.498
-0.238
-0.247
NH-MV (14)
0.432
1.000
0.051
0.138
1.000
1.000
0.132
0.020
0.080
-0.065
—
0.166
-0.037
0.124
0.267
0.189
CC (25)
0.423
1.000
0.553
0.610
0.153
0.101
0.387
0.137
0.018
-0.001
0.008
0.095
0.198
0.436
-0.061
CTRI (58)
0.057
O.001*
0.423
0.478
0.883
1.000
0.019
0.005*
0.073
0.096
-0.039
-0.112
0.236
0.390
-0.009
-0.198
CTNY (38)
0.457
0.309
0.000*
0.341
0.195
0.019*
0.852
0.539
Overall
Highly
0.108
<0.001*
0.314
0.000*
0.000*
0.254
0.166
Probability
siga*

o

3.2
2.9
3.7
4.6
4.7

Alleles

Allelic
Richness
2.6
2.9
3.1
3.4
4.1
0.223
0.287
0.277
0.371
0.492

Ho
0.288
0.338
0.346
0.442
0.555

UHe

Private
Alleles
1 (0.017)
0 (0.000)
9 (0.340)
2 (0.027)
8 (0.336)

0.229*70.017
0.157 /0.017
0.203*/0.013
0.162*/0.036
0.115*70.012

FST AT/1 NEST

Fis

Population abbreviations as in Fig. 1; sample size in parentheses. Alleles, allelic richness, observed heterozygosity (Ho), Nei's unbiased heterozygosity
(UHe) and FiS (calculated both in FSTAT using the original dataset and in MEST using a null-allele corrected dataset - see text) are averaged across
loci. Private alleles are the total number (and totalfrequency)of private alleles for all loci in each population. Significance at the P < 0.05 level after
Bonferroni correction is indicated by an asterisk.
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MENH (58)
NH-MV (14)
CC (25)
CTRI (57)
CTNY (38)

'Population (N)

Table 1.5. Genetic diversity of the 5 geographic populations of the New England cottontail.

Population Differentiation and Structure
All geographic populations were significantly differentiated from each
other, using both the original (overall FST = 0.145) and the null allele corrected
datasets (overall FST = 0.121; Table 1.6). In general, the MENH population was
most differentiated from the remaining populations, but had the lowest FST when
compared with the NH-MV population. Cape Cod was also highly differentiated
from the other populations. There was a significant signal of isolation by distance
among the five populations (y = 4.9905x + 4.7186; r2 = 0.5649; P = 0.03).
Analyses in STRUCTURE indicated the presence of five genetic clusters
(Figure 1.2), however not exactly corresponding to the five geographically
delimited populations. The MENH and NH-MV populations clustered together
(hereafter referred to as ME/NH) and the eastern CTRI population differentiated
into two clusters (Figure 1.3). Closer examination of the eastern CTRI populations
revealed that one cluster corresponded primarily to a group of individuals found in
Bluff Point State Park, a designated coastal reserve on a peninsula in Groton, CT
(Figure 1.3; hereafter the Bluff Point cluster is referred to as 'Bluff Point' and the
remaining eastern CT and RI cluster is referred to as 'CT/RI').
Results of analyses in TESS were similar to those of STRUCTURE, as it also
grouped MENH and NH-MV and differentiated the remaining geographic
populations. However, TESS only detected four clusters, as it did not identify the
Bluff Point individuals as a separate cluster (Figures 1.2 and 1.4).
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Table 1.6. Pairwise Fsr values for the 5 geographic New England cottontail
populations, calculated using original (above diagonal) and null allele-corrected
FreeNA (below diagonal) datasets.
MENH
MENH
NH-MV
CC
CTRI
CTNY

0.032
0.181
0.127
0.161

NH-MV
0.034

CC
0.200
0.131

0.125
0.093
0.102

0.127
0.138

All FST values were significant after Bonferonni correction (a = 0.05).
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CTRI
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Figure 1.2. Determination of K, the number of genetic clusters of New England
cottontails from: a.) STRUCTURE analyses: solid line indicates lnPr(X|K) (right
y-axis); dashed line indicates AK (left y-axis). b.) TESS analyses
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Figure 1.3. Genetic clusters of New England cottontails identified by STRUCTURE
analyses
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Figure 1.4. Individual assignment probabilities of New England cottontails to
genetic clusters. Results from a) a STRUCTURE run of K = 5; b) a TESS run of K :
4. Genetic cluster indicated above figure, geographic sampling locations are
indicated in center of figure
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Detection of Migrants and Recent Gene Flow
Increasing the migration rate used in the STRUCTURE assignment test only
slightly increased the number of individuals detected as putative migrants and
reduced the individual resident probabilities by a small amount. As the differences
were minimal and did not affect overall conclusions, I only report the results for
MIGPRIOR

= 0.05. Given the significant genetic divergence between MENH and

NH-MV, as well as the extensive geographic distance between the two
populations (at least 44 km, which likely exceeds cottontail dispersal ability), I
tested for migrants using K = 6, keeping MENH and NH-MV as separate
populations and considering Bluff Point as a separate cluster in both

STRUCTURE

and GENECLASS assignment tests.
Assignment tests revealed that most individuals were residents of their
sampled populations (83% correctly assigned in GENECLASS, also see Figure 1.4).
Six individuals were identified as putative migrants in STRUCTURE and four
individuals may have recent migrant ancestry (Table 1.7).

GENECLASS

identified

the same six individuals as possible migrants, but also three others, which were
considered to have possible migrant ancestry. Thirteen individuals that were not
detected as migrants in either program but were assigned by both programs to
populations other than the one in which they were sampled, or had nearly equal Q
values in two clusters, were also considered to be of admixed ancestry. The
majority (17 of 26) of migrants and admixed individuals were identified as
migrating into or out of the CT/RI population.
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Geographic
Origin

MENU

MENH
CC

cc

CTRIt
CTNY

CTNY
CC

CC
CTRIt

CTNY

MENH
CTRIf
MENH
MENH
NH-MV
NH-MV
CTRIt
CTRIt
CTRIt
CTRIt
CTRIt
CTNY

Sample
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161
MM5

MM6
232
100

175
213

MM2
1195

CT23.1

33
219
4
138
155
NH3
248
70
85
226
227
172

0.002
0.992
0.064
0.454
0.001
0.000
0.000
0.000
0.000
0.688
0.005
0.000

0.013

0.814
0.023

0.000
0.072

0.004
0.000
0.097

0.464
0.000

ME/NH
0.040

0.000
0.000
0.000
0.000
0.152
0.001
0.000
0.000
0.000
0.003
0.000
0.000

0.000

0.003
0.000

0.001
0.585

0.002
0.000
0.000

0.053
0.000

CC
0.009

0.007
0.007
0.841
0.347
0.637
0.999
0.113
0.052
0.504
0.307
0.031
0.977

0.978

0.154
0.895

0.999
0.337

0.988
0.000
0.739

0.480
0.995

CT/RI
0.804

0.991
0.001
0.094
0.199
0.210
0.000
0.885
0.001
0.046
0.002
0.103
0.002

0.002

0.029
0.082

0.000
0.000

0.001
1.000
0.164

0.003
0.004

Bluff
Point
0.148

0.000
0.000
0.000
0.000
0.001
0.000
0.002
0.947
0.450
0.000
0.862
0.021

0.007

0.000
0.000

0.000
0.006

0.005
0.000
0.000

0.000
0.000

CTNY
0.000

STRUCTURE Mean Q
No prior population information; K = 5

NH-MV (99.277%)J
NH-MV (50.221%)J
CT/RI (49.650%)
NH-MV(91.996%)J
Bluff Pt. (99.992%)t
CT/RI (55.083%)t
NH-MV (40.824%)
CT/RI (88.750%)J
CC (56.540%)
NH-MV (41.497%)
MENH (86.247%)
CT/RI (57.333%)
CTNY (19.752%)
MENH (19.166%)
CTNY (46.577%)
CT/RI (33.552%)
CT/RI (92.942%)$
MENH (92.022%)J
CT/RI (72.029%)
NH-MV (75.985%)
CC (81.101%)
CT/RI (88.051%)
Bluff Pt. (97.993%)
CTNY (75.806%)
CTNY (78.707%)
NH-MV (81.436%)
CTNY (62.275%)
CT/RI (75.503%)

NH-MV (89.670%)J

GENECLASS
cluster highest
assignment
probability

0.755
0.738
0.920
0.885
0.784
0.613
0.702
0.858
0.530
0.710
0.785
0.876

0.137**

0.030***
0.257**

0.106**
0.345*

0.402*
0.044***
0.021***

0.756
0.008**»

0.433*

STRUCTURE
resident probability
(MIGPRIOR=0.05)

Migrant/
Admixed
classification

Negligible
MENH 0.128/0.030/0.021
Negligible
Negligible
Negligible
Negligible
Bluff Pt. 0.060/0.144/0.067
Negligible
CTNY 0.024/0.161/0.152
Negligible
Negligible
Negligible

ME/NH 0.000/0.303/0.114

Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry
Admixed Ancestry

Admixed Ancestry

NH-MV 0.119/0.032/0.026 Possible Migrant
Bluff Pt. 0.001/0.055/0.203
NH-MV 0.195/0.011/0.018 Possible Migrant
NH-MV 0328/0.046/0.019 Possible Migrant
CT/RI 0.328/0.064/0.024
NH-MV 0.239/0.052/0.034 Possible Migrant
Bluff Pt. 0.917/0.031/0.008 Possible Migrant
CT/RI 0.698/0.004/0.002 Possible Migrant
NH-MV 0.218/0.002/0.004
CT/RI 0.463/0.017/0.027 Possible Migrant
MENH 0.000/0.161/0.197 Admixed Ancestry
NH-MV 0.002/0.123/0.120
ME/NH 0.025/0.609/0.195 Admixed Ancestry
ME/NH 0.000/0.404/0.221 Admixed Ancestry

STRUCTURE migrant
probabilities (immigrant/
immigrant parent/
immigrant grandparent)

Table 1.7. Results of assignment tests and detection of migrants of New England cottontail genetic clusters identified in STRUCTURE

00

CTNY

CTNY
CTNY

1240

1313
JJSM

0.000
0.016
0.000
0.001

0.979
0.785

0.001
0.174

0.020
0.024

STRUCTURE Mean Q
No prior population information; K = 5
Bluff
ME/NH
CC
CT/RI
CTNY
Point
0.001
0.001 0.596
0.329
0.073

GENECLASS
cluster highest
assignment
probability
Bluff Pt. (33.636%)
CTNY (29.522%)
CT/RI (28.937%)
CT/RI (77.579%)
NH-MV (49.271%)
CT/RI (33.044%)
0.905
0.889

0.897

STRUCTURE
resident probability
(MIGPRIOR=0.05)

Negligible
Negligible

STRUCTURE migrant
probabilities (immigrant/
immigrant parent/
immigrant grandparent)
Negligible

Admixed Ancestry
Admixed Ancestry

Admixed Ancestry

Migrant/
Admixed
classification

MENH and NH-MV geographic populations were not combined for this analysis (see text).
{Individuals detected by GENECLASS asfirst-generationmigrants using the resampling method (PO.01). t No putative migrants were sampled from Bluff Point.
Asterisks indicate relative probability of being a migrant or admixed, as determined by STRUCTURE (* = resident probability < 50%; ** = resident probability < 30%;
*** = resident probability < 10%). Values in bold highlight relatively strong assignment probabilities.

Geographic
Origin

Sample

Table 1.7, continued. Results of assignment tests and detection of migrants of New England cottontail genetic clusters identified in
STRUCTURE

Population History and Genetic Diversity
Comparisons of allelic richness using a nested ANOVA showed significant
differences among the five clusters identified by STRUCTURE (F= 17.05, df = 4, 44, P
< 0.0001, Figure 1.5). The Bluff Point population has significantly lower allelic
richness than any of the other populations. The allelic richness of ME/NH was
significantly reduced compared to the CT/RI and CTNY populations, and allelic
richness of CC was significantly reduced relative to CTNY.
With the exception of CT/RI, estimates of current Ne from both LDNe and
ONeSAMP were similar and had overlapping confidence intervals (Table 1.8). Ne
estimates in all populations were relatively low and ranged from 13 in Bluff Point to
232 in CT/RI.
The two methods I used to test for population bottlenecks produced slightly
different results, BOTTLENECK tests showed evidence of a recent bottleneck only for
the Bluff Point population, which had a shifted-mode distribution as well as
significant heterozygosity excess (P = 0.002; Table 1.8). It should be noted, however,
that there are only 12 samples in the Bluff Point population, and only 8 loci were
polymorphic in these individuals. All remaining populations demonstrated normal Lshaped allele frequency distributions. With the exception of CTNY, the remaining
populations had significant heterozygosity deficiencies (Wilcoxon Test T.P.M. onetail probabilities for H deficiency: ME/NH, P = 0.002; CC, P = 0.032; CT/RI, P =
0.024).
Results of the M-ratio test also showed that most populations have not
experienced a bottleneck (Table 1.8). The M-ratio test for CC, on the other hand, was
highly significant, with an M-value typical of bottlenecked populations (0.6751; P <
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0.01). None of the other populations showed significant signs of experiencing a
bottleneck.
Results from 2MOD indicated that NEC populations are much more likely to be
experiencing genetic drift in isolation than to be in drift/migration equilibrium
(Probability of drift model = 0.997, Bayes factor = 284), and if the first 10% of the
results were excluded as a burn-in period, only the genetic drift model was possible.
Density plots of F revealed that Bluff Point is experiencing the greatest amount of
drift and is the most isolated (F= 0.467; 95% HPDI = 0.360 - 0.532), while CT/RI (F
= 0.123; 95% HPDI = 0.060 - 0.123) and CTNY (F= 0.088; 95% HPDI = 0.059 0.106) have higher levels of gene flow (Figure 6). ME/NH (F= 0.190; 95% HPDI =
0.167 - 0.260) and CC (F= 0.258; 95% HPDI = 0.149 - 0.285) showed intermediate
levels of isolation relative to the other populations.
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Figure 1.5. One-way ANOVA of mean allelic richness of the 5 New England
cottontail genetic clusters identified in STRUCTURE. Shared letters indicate
populations that are not significantly different
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4-

152.6
(53.3-Infmite)
39.2
(11.5-Infinite)
47.7
(28.8-99.3)
17.0
(2.2-Infinite)
35.7
(23.6-61.3)

LDNe1

Ne
78.2
(47.1-316.0)
34.9
(26.5-55.6)
232.6
(126.4-922.7)
13.4
(11.1-18.8)
76.7
(44.3-193.0)

ONeSAMP 2

Ne

0.812

0.002*

0.980

0.974

Wilcoxon Test
Probability
0.999

BOTTLENECK"

Normal Lshaped

Shifted Mode

Normal reshaped
Normal Lshaped
Normal Lshaped

Mode-Shift

BOTTLENECK

0.865

0.901

0.886

0.675*

0.865

M - ratio4

0.864

0.869

0.8015
0.755

0.851

0.865

0.856

Mc
(Ne current)

0.762

0.731

0.785

Mc
(Ne = 5,000)

1 Ne values for LDNe method are based on the lowest allelefrequencyused of 0.05 and the parametric 95% confidence interval is reported in parentheses.
2 The mean N, is reported for the ONeSAMP method with 95% confidence intervals.
3 For the tests performed in BOTTLENECK, the Wilcoxon one -tail probability of heterozygosity excess for the two-phase mutation model is given, as well as results
of the allelic mode shift test.
4 The M-ratio for each genetic cluster is specified; critical M values (Mc) were calculated both using the mean estimated current Ne for each population and with
Nt = 5,000.
5 Due to the small size of the peninsula, 0 for Bluff Point was calculated with an estimated Ne of 500

*P<0.01.

CTNY

Bluff Point

CT/RI

CC

ME/NH

Population

Table 1.8. Estimated effective population sizes (Ne) and results of genetic bottleneck tests of New England cottontail genetic clusters
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Figure 1.6. Posterior density distribution plots of F, the probability of any two genes
sharing a common ancestry within a population, under the genetic drift in isolation
model for each New England cottontail genetic cluster
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Discussion

Habitat loss and fragmentation are serious threats to the viability of animal and
plant populations, especially for species of conservation concern (Fahrig 2003;
Lindenmeyer and Fischer 2006). Numerous studies have demonstrated the negative
genetic and demographic consequences that result from loss of connectivity among
populations and reductions in population sizes (e.g., Segelbacher et al. 2003; Walker et
al. 2008; Wu et al. 2010). In this study, I have shown that habitat loss and fragmentation
have shaped the genetic structure of remaining New England cottontail populations,
resulting in a reduction of genetic diversity, gene flow and population size. As a result,
human intervention will be required to mitigate and reverse continued population
declines. My findings should assist management efforts for this imperiled species.
Population Structure
I found genetic distinctiveness of the five geographically separated cottontail
populations and evidence for a lack of ongoing gene flow. The results of population-level
FST analysis and the two Bayesian clustering methods were largely similar, with some
slight discrepancies. Neither of the Bayesian clustering methods recognized the
distinctiveness of the NH-MV population, despite significant differentiation by FST
analysis. The FST value between the NH-MV and MENH populations was the smallest in
the study (-0.03), and was approaching the lower limit of performance of these methods
(Latch et al. 2006; Chen et al. 2007). The genetic grouping of these two population is
likely reflective of historical connectivity between the two currently disjunct, but
geographically proximate, locations and not indicative of current gene flow, the latter of
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which has likely not occurred for several decades due to loss of suitable habitat in the
intervening landscape.
The genetic clustering method of STRUCTURE (but not TESS) recognized a
subdivision within the CTRI population, consisting of individuals in Bluff Point State
Park. This coastal reserve is located on a peninsula in southeastern Connecticut and is
geographically proximate to nearby cottontail populations (<20 km). However, it is
surrounded by extensive development, including the Groton-New London Airport, major
highways, and the Northeast Corridor, the busiest passenger rail line in the U.S. Despite
strong evidence of genetic differentiation

(FST=

0.09 between Bluff Point and CT/RI), it

is likely that TESS did not differentiate the Bluff Point individuals from the rest of CTRI
due to the interaction parameter between the spatial coordinates and genetic data used in
the TESS algorithm. The genetic distinctiveness of the Bluff Point individuals suggests
that they have been isolated from CT/RI for a relatively long time (for comparison, FST 0.03 for MENH vs. NH-MV populations, which are currently separated by a minimum of
44 km, but were connected several decades ago). Alternately, this may be the result of a
founder effect with little to no recent contact between groups. The limited genetic
variability of this population and results from tests of population history (see below)
further support the isolation of the Bluff Point population. Due to the highly fragmented
nature of remaining New England cottontail habitat, small, isolated patches or clusters of
patches, such as Bluff Point, exist across the species' current range. These "populations"
may become differentiated due to lack of genetic exchange and the rapid effects of
genetic drift. It is likely that I was able to identify the genetic distinctiveness of Bluff
Point due to a relatively large number of samples collected from this location, relative to
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the broader scale sampling effort across the remainder of CTRI and the other geographic
populations. Sampling scheme is known to have a significant impact on the outcome of
genetic clustering analyses (Schwartz and McKelvey 2009; Segelbacher et al. 2010).
Additional fine-scale sampling within each of the geographic populations would allow
detection of other isolated and genetically distinct patches, such as in Maine, where a
recent landscape genetic study detected as many as four distinct genetic clusters within
that population (Chapter 2).
Assignment tests in STRUCTURE and GENECLASS identified several individuals
with migrant ancestry and a few individuals as potential migrants from distant source
populations. Of all of the putative migrants and admixed individuals, the majority were
found to migrate into or out of the CT/RI population. Assignment test results are typically
interpreted as direct genetic evidence of individual dispersal events (Paetkau 2004; Bergl
and Vigilant 2007). I interpret my findings, instead, as reflective of past connectivity
consistent with the CT/RI population's central location to the other clusters and not as
evidence for ongoing dispersal between the populations. Extensive habitat loss
throughout the range, especially between geographic populations, must inhibit, if not
completely prevent, current gene flow across this broad scale. While there may be
unsampled stepping-stone patches between populations, it is doubtful there are enough
persistently occupied patches to allow for connectivity between populations (Barbour and
Litvaitis 1993). Further, although long-distance dispersal is not unheard of, it is
uncommon and is unlikely to exceed 10-20 km, based on maximum dispersal distances of
other lagomorphs (e.g., Gillis and Krebs 1999; Estes-Zumpf and Rachlow 2009). Thus,
with the exception of perhaps the Bluff Point and CT/RI genetic clusters, which are less
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than 20 km apart, the extensive distances between remnant populations make it highly
improbable that they are currently exchanging individuals. More likely, I am detecting
historic genetic signatures of connectivity. This interpretation is further substantiated by
the results of population history analyses in 2MOD, which indicate that the current genetic
structure has been shaped by genetic drift in isolation and that dispersal among
populations is negligible.
Population History and Genetic Diversity
The two tests for recent population bottlenecks showed different results, likely
indicative of differences in the time-scales of population reductions. Only the Bluff Point
population showed a significant bottleneck effect according to the BOTTLENECK analyses,
while the M-ratio method only detected a significant bottleneck in the CC population.
Based on known differences in the performance of these methods (BOTTLENECK tests
perform better for recent bottlenecks, e.g., within 40 generations, whereas the M-ratio
tests tend to detect bottlenecks that occurred longer ago and of longer duration;
Williamson-Nateson 2005), the Bluff Point population likely experienced a more recent
population bottleneck than the CC population, which may have experienced a more
historic reduction that lasted several generations.
The Cape Cod Canal, which opened in 1914, was widened significantly in the late
1930s. With a current width of 146 meters at depth, it is the widest sea-level canal in the
world. As such, it is likely a significant dispersal barrier for the cottontail, and its
isolating effect in combination with habitat loss in this highly developed landscape may
have led to the earlier bottleneck observed in this population. Estimates of an effective
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population size below 50 individuals and reduced allelic richness both point toward a
severe and long-lasting decline of the Cape Cod population.
Isolation or founding of the Bluff point population, on the other hand, appears to
have occurred more recently than the isolation of the CC cottontails, as evidenced by
detection of a bottleneck effect by the BOTTLENECK but not the M-Ratio test. Bluff Point
State Park, acquired in 1963 and designated a coastal reserve in 1975, is the last
significant piece of undeveloped land along the Connecticut coast. The surrounding
development likely functions to limit or prevent exchange between these individuals and
the closest nearby patches. Estimates of effective population size indicate that this is a
very small population of less than 20 breeding adults. The high F-value estimated by
2MOD (F= 0.47) and the lowest allelic diversity (mean allelic richness = 2.08) observed in
my study further confirms that genetic drift is acting rapidly in this small, isolated
population and influencing its genetic differentiation from the nearest cottontails in
CT/PJ.
While I did not find evidence for bottleneck effects in the remaining New
England cottontail populations, my results merit some caveats because of the methods
used. First, both approaches are suited for detecting relatively rapid losses of genetic
diversity and may not be able to recognize slow and steady or very recent declines,
situations that may be representative of the remaining New England cottontail
populations. Further, the performance of the tests may have been limited by the presence
of null alleles, which may have influenced the allele distributions and heterozygosity
estimates used in BOTTLENECK (Cornuet and Luikart 1996).
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Results from 2MOD and tests of allelic richness are consistent with the bottleneck
results in showing that the Bluff Point and CC populations have reduced allelic diversity
and elevated F values, and thus have been most strongly influenced by genetic drift. The
ME/NH population cluster also shows reduced allelic richness relative to the CT/RI and
CTNY populations and is similar to the CC population in terms of allelic diversity and F
values. Additionally, the MENH geographic population and the Bluff Point population
are monomorphic at 33% of the loci examined. These results confirm recent survey
efforts (Chapter 2), which indicate the ME/NH population cluster is suffering an ongoing
decline. The genetic data indicate that the CTNY and CT/RI populations, although also
experiencing appreciable genetic drift, have suffered the least in terms of reductions in
population size and genetic diversity.
Null Alleles and Deviations from Hardy Weinbere Equilibrium
The primers used in this study were developed for distantly related lagomorph
species, which likely contributed to the relatively high frequency of null alleles observed.
Most methods of null allele estimation assume populations are in HWE (e.g., van
Oosterhout et al. 2004). However, I did not consider this a valid assumption for the New
England cottontail. Given the geographical segregation of currently occupied patches
(Litvaitis et al. 2006) and short expected dispersal distances typical of lagomorphs (~3
km on average, Gillis and Krebs 1999; Estes-Zumpf and Rachlow 2009), I considered
inbreeding to be possible. Therefore, I utilized INEST to simultaneously estimate null
allele frequencies and inbreeding within populations. This method determined relatively
low inbreeding coefficients for each population, indicating that the observed
homozygosity excess was driven primarily by null alleles and not inbreeding.
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Deviations from HWE may also be a result of the Wahlund effect. The linkage
disequilibrium found among 3 pairs of loci in CTNY and one locus pair in CTRI point
toward this possibility. While it is quite probable that subdivisions exist within each of
the geographic populations, my sampling scheme was not on a fine enough scale to detect
them. Further, the Bayesian clustering methods I used are designed to group individuals
so as to minimize deviations from HWE that would be caused by the Wahlund effect. FJS
values and Hardy Weinberg probabilities were not significantly different before and after
genetic clustering (data not shown), suggesting that the Wahlund effect was not the
primary cause of the deviations from HWE.
Although samples were obtained over a 20-year time period, I did not find
significant differences in genetic diversity measures in the MENH geographic population
over time. However, the slight reduction in polymorphic loci suggests that New England
cottontails in the MENH population have lost genetic diversity within the space of only a
decade, and the significant FST further indicates changes in genetic diversity over this
time period (Virgilio and Abbiati 2006). Ongoing population decline is also evident in the
nearly 50% decrease in effective population size estimates in the more recently collected
sample. Even though samples were not collected with a view to compare changes in
genetic diversity over time, the comparison indicates that the strong genetic
differentiation in New England cottontail geographic populations is not an artifact of
using temporally spaced samples (i.e. the spatial differentiation is much larger than the
temporal differentiation of the two samples from MENH). In fact, all of the New England
cottontail populations may have lost genetic diversity over the course of the study period.
By including samples from the early 1990s in my analyses I may be marginally
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underestimating current levels of divergence and the degree of genetic drift among these
populations, however my conclusions about population genetic structure and population
history should not be affected.
Conservation Implications
All remnant New England cottontail populations have relatively low genetic
diversity and small effective population sizes. Small effective population sizes are cause
for concern since they are indicative of increased susceptibility to genetic stochasticity
and are correlated with reduced genetic diversity and increased inbreeding, all of which
heighten the probability of population extinction (Palstra and Ruzzante 2008). The
estimated effective population sizes for New England cottontails are insufficient for longterm, and in some cases short-term, population persistence (Franklin 1980; Soule 1980;
Franklin and Frankham 1998; Lynch and Lande 1998). Given the observed genetic
consequences, and the lack of current gene flow among remnant populations, human
intervention is warranted to mitigate further declines.
Conservation measures should focus on maintaining and expanding current
populations, as well as promoting connectivity within and among populations (Tash and
Litvaitis 2007). These efforts should include augmenting population sizes in all portions
of the species' range, but especially in the ME/NH and CC populations, as well as
stabilizing the Bluff Point population. These three populations show the greatest
reduction in genetic diversity and the strongest evidence of genetic drift. The CC and
Bluff Point populations show signs of significant past population size reductions, while a
reduction in ME/NH appears to be ongoing. From a conservation standpoint, efforts to
maintain all geographically distinct populations are advisable, to decrease the risk of
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stochastic extinction (Frankham et al. 2002). In addition, the strong differentiation among
these populations indicates that each population could represent a potential reservoir of
genetic diversity available to the others. From a practical standpoint, conservation of the
CC and ME/NH populations warrants prioritization, as these comprise the last remaining
New England cottontails from a large geographic area - Maine, New Hampshire and
Massachusetts, whereas the cottontails in Bluff Point comprise a small (both
geographically and in terms of population size) recently isolated subpopulation of the
larger CT/RJ geographic population.
Given their small population sizes and reduced genetic diversity, it may be
prudent to consider genetic rescue of the ME/NH, CC (and Bluff Point) populations via
translocations from the more diverse CT/RI & CTNY populations. Although
translocations may alleviate the risk of inbreeding depression, the risk of outbreeding
depression is also a serious concern, as it has been shown to diminish reproductive
success, decrease viral resistance, and negatively impact survival (e.g., Marr et al. 2002;
Goldberg et al. 2005). Conservative measures propose minimizing the risk of outbreeding
depression by only initiating translocation plans when inbreeding depression is apparent
(Edmands 2007; Hedrick and Fredrickson 2010). My results do not provide conclusive
evidence that New England cottontails are currently inbred. While all populations
exhibited relatively low mean heterozygosity, which is often correlated with inbreeding
(e.g., Slate et al. 2000; Shikano and Taniguchi 2002; Reed and Frankham 2003; but see
Coltman and Slate 2003; Balloux et al. 2004; Alho et al. 2009), this may have been
confounded by the presence of null alleles; the inbreeding coefficient was very low once
null alleles were taken into account. Further research is needed to assess whether there
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are manifestations of inbreeding depression on individual rabbits. Translocation of
cottontails from other geographic populations into Maine also risks accidental
introduction of eastern cottontails into a state where they have not previously existed.
These concerns should be given serious consideration prior to initiation of interpopulation translocations. Therefore, I suggest that it may be more beneficial in the
short-term to promote genetic exchange within populations via translocation and
reintroduction methods, while habitat reconstruction projects are pursued.
Species recovery for the New England cottontail will require habitat
reconstruction and restoration of connectivity within and among remnant populations,
while further research is conducted to assess if there is evidence of inbreeding depression
and reduced fitness. Extensive research has been conducted on the habitat requirements
of New England cottontails (e.g., Barbour and Litvaitis 1993; Litvaitis et al. 2003).
Litvaitis (2001) described several recommendations on how to maintain and establish
early successional habitat, and Tash and Litvaitis (2007) identified habitats across the
species' range that are highly suitable for restoration. Remaining populations are so
fragmented that they will first require intensive management to restore connectivity
among patches within the populations, and within population translocations to simulate
gene flow in the short-term may be necessary. Once geographic populations are
sustainable, reestablishing connectivity among populations and eventually reintroducing
cottontails to historically occupied parts of the range (e.g., Vermont) will help ensure the
persistence of this species.
In conclusion, I make the following recommendations for future research and
immediate conservation actions on behalf of the New England cottontail.
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•

Implement habitat restoration efforts immediately to increase available habitat
and connectivity among patches within each geographic population.

•

Continue monitoring occupancy and population status of all range-wide
populations to ensure that goals of population sustainability are being met.

•

Initiate intensive surveys andfine-scalesampling efforts within each geographic
region to identify additional population subdivisions and to better estimate
effective population sizes range-wide; these efforts will also allow for the
identification of potentially isolated populations that may require focused
resource management to restore connectivity.

•

Conduct studies of reproductive fitness to assess whether there is evidence of
inbreeding depression; knowledge of reproductive and demographic parameters
will also be useful in constructing population viability models for the species.

•

Based on occupancy monitoring, employ reintroductions to restored habitat, if
necessary, to promote genetic exchange and population augmentation within
geographic populations.

•

Avoid translocations between geographic populations unless it becomes justified
by futurefindingsof inbreeding depression.
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CHAPTER 2

LANDSCAPE GENETICS AND DISPERSAL PATTERNS OF THE NEW ENGLAND
COTTONTAIL

Abstract
The New England cottontail (Sylvilagus transitionalis) is a candidate for federal
endangered species listing in the United States due to extensive habitat loss. Remaining
habitat patches are often small and widely separated, resulting in isolation and loss of
genetic diversity. Conservation management will require habitat improvement and
restoration to encourage dispersal and gene flow, however little was previously known
about dispersal in this species. I utilized landscape genetic techniques to examine
dispersal patterns and identify barriers to dispersal in a southern Maine and New
Hampshire population. Bayesian clustering analyses revealed four distinct genetic units: a
cluster surrounding the Portland International Jetport (Jetport); individuals from coastal
Cape Elizabeth and Scarborough, Maine (Cape Elizabeth); individuals sampled in York
County, Maine from east of Interstate 95 (Kittery East); and remaining individuals
sampled west of 1-95 in York County, Maine and Strafford County, New Hampshire
(Kittery West). There was essentially no evidence of gene flow among genetic clusters.
Effective population sizes ranged from only 5 in Kittery East to 63 in Kittery West and
the cluster in Cape Elizabeth has suffered a very recent genetic bottleneck. Fine-scale
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spatial genetic structure was greater in populations that were more fragmented,
suggesting fragmentation restricts cottontail dispersal overall since cottontails must
disperse greater distances and likely incur higher associated mortality risks when suitable
habitat patches are smaller and sparser in the landscape. Dispersal in Cape Elizabeth and
Kittery East was female-biased, whereas in Kittery West it was male-biased; this
disparity may be due to differences in fragmentation among the populations. Further, a
major six-lane highway was found to present a substantial dispersal barrier to cottontail
movement, but other roads did not. Conservation measures to mitigate continued
population decline of New England cottontails should include habitat restoration to
increase the number and connectivity of suitable patches and the implementation of
passages to facilitate dispersal across highways.
Introduction
Conservation efforts in highly fragmented landscapes often require habitat
reconstruction to restore connectivity and increase gene flow (Dixon et al. 2007, Lindsay
et al. 2008). Knowledge of how the species of concern is able to disperse through a
variable habitat matrix is therefore essential to identify areas that would be the most
beneficial for restoration management. Landscape genetics is a relatively new field that is
becoming increasingly important to conservation management (Segelbacher et al. 2010).
Landscape genetic techniques combine the discipline of molecular ecology, which
provides information crucial for managing the genetic health of populations, with the
field of landscape ecology, by utilizing the genetic data to infer how the landscape
functions in promoting (or inhibiting) gene flow (Manel et al.2003, Storfer et al. 2007
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Holderegger and Wagner 2008). The data can be used to assess current gene flow and to
identify populations that are isolated or genetically depauperate (Stow et al. 2006, Ellis et
al. 2006). In addition, it is possible to indirectly assess dispersal patterns, such as
estimating average dispersal distances (Double et al. 2005, Broquet and Petit 2009) and
identifying potential sex biases in dispersal (Lawson Handley and Perrin 2007, Gauffre et
al. 2009). However, the hallmark of landscape genetics is the ability to test hypotheses
concerning the functional connectivity of different habitat types and to identify barriers to
dispersal (Cushman et al. 2006, Epps et al. 2007, Walker et al. 2007).
Landscape genetics is particularly relevant to conservation biology, as the primary
threats to species persistence are habitat loss and fragmentation (Brooks et al. 2002,
Kuussaari et al. 2009, Krauss et al. 2010). Habitat fragmentation has been shown to cause
increased spatial genetic structure (De-Lucas et al. 2009), loss of genetic diversity
(Mitrovski et al. 2008), and population extinction (Templeton et al. 1990). Recent studies
demonstrate additional negative effects, including alterations of social behavior, mating
systems, and dispersal patterns (Banks et al. 2007). Knowledge of a species' dispersal
ability and how it is influenced by the landscape is of the utmost importance to
conservation programs, since dispersal (and subsequent reproduction) directly influences
all of the aforementioned factors and may ultimately determine the fate of the species
(Pinskyetal. 2010).
Successful dispersal is especially crucial to species that inhabit ephemeral habitats
(Hokit et al. 2010), such as the New England cottontail (Sylvilagus transitionalis). New
England cottontails require very densely vegetated habitat for protective cover and food
(Litvaitis et al. 2003). Early-successional habitat and coastal thickets are ideal; however,
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the former is transitory, typically persisting on the landscape for only approximately 15
years. Eventually, successional processes shade out the dense understory required by the
New England cottontail. Land-use change in the past 150 years resulting in extensive
reforestation, compounded by increased development in New England, has resulted in
significant depletion of cottontail habitat. As a result, New England cottontails occur in
only a small portion of their historic range in five discrete populations, which are
geographically isolated from one another and have reduced genetic diversity (Litvaitis et
al. 2006; Chapter 1, Figures 1.1 and 1.3).
As a result of extensive habitat loss and associated population decline, the New
England cottontail is a candidate for listing under the Endangered Species Act and is a
species of greatest conservation need in the northeastern United States (USFWS 2006,
USFWS 2009). The New England cottontail is considered endangered in both Maine and
New Hampshire (MDIFW 2006, NHFG 2008). The remnant population that occurs in
southern Maine and seacoast New Hampshire is at the northern extent of the cottontail's
range and is suffering from ongoing decline. Its current effective population size is
estimated to be less than 100 and it has declined by nearly 50% in the past two decades
(Chapter 1). Within this population, remaining habitat patches are often small and
fragmented by development and inhospitable habitat. Recovery of the New England
cottontail will entail habitat restoration to increase connectivity among remaining habitat
patches.
State conservation goals in Maine include the establishment of New England
cottontail management areas throughout its historic range in Maine, with the objective of
creating 18 core populations of at least 10 hectares in size, surrounded by smaller satellite
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patches (>2 ha) to establish viable metapopulations for long-term persistence (Matula
2006). The specific design of these management areas will benefit from knowledge of the
fine-scale spatial genetic structure of the population. Further, the success of these
conservation efforts will greatly depend upon the dispersal ability of New England
cottontails; however, very little is presently known about dispersal in this species. The
current management plan calls for satellite patches to eventually be placed within 1 km of
the core areas across the recovery area, but initially within at least 3.3 km, based on the
average dispersal distances of other lagomorphs (Gillis and Krebs 1999, Estes-Zumpf and
Rachlow 2009) and body-size correlation (Sutherland et al. 2000). Whether these
distances are consistent with New England cottontail dispersal abilities is unknown, and
moreover, this blanket strategy of patch distribution ignores regional differences in
habitat matrix that may affect dispersal success. Further, dispersal patterns may be
different for the sexes, which will impact gene flow and recolonization success (Blundell
et al. 2002). Consideration of sex-biased dispersal is important in conservation efforts, as
it provides more knowledgeable planning of habitat configuration in the landscape.
A landscape genetics approach has the potential to provide valuable information
for the management of New England cottontails by elucidating dispersal patterns in
relation to the landscape. This approach enabled me to test specific hypotheses about how
the landscape influences cottontail population structure and dispersal and to identify the
most appropriate areas for habitat restoration. In this study I investigated the fine-scale
spatial genetic structure of the southern Maine and seacoast New Hampshire New
England cottontail population. My specific objectives were:
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1.) Assess the current population status of New England cottontails in southern
Maine and seacoast New Hampshire
2.) Determine the population genetic structure and relatedness within this
population
3.) Identify landscape barriers to dispersal
4.) Analyze fine-scale dispersal patterns and relate findings to the currently
proposed management plan
5.) Examine the direction and intensity of sex-biased dispersal in the New
England cottontail
Hypotheses
Many studies have found that straight Euclidean distance is not always the best
predictor of population isolation, as dispersal barriers, corridors and habitat matrices
impact how animals move about the landscape (e.g. Funk et al. 2005; Coulon et al. 2004).
Thus, where New England cottontail habitat connects neighboring populations, the
exchanges of individuals between populations should be facilitated. Conversely,
populations with intervening barriers will have limited gene flow. Tash and Litvaitis
(2007) found that New England cottontails in this population were negatively associated
with percent forest land cover and positively associated with potential dispersal corridors,
such as major highway edges and utility corridors. Thus, I hypothesize that mature
forests, developed areas, and interstate highways act as dispersal barriers. I predict that
highway edges, however, as well as railroads and power line rights-of-way, facilitate
NEC movement between populations and will shape the genetic structure at a fine-scale.
Individuals in patches connected by such features will show less genetic differentiation
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than individuals in unconnected patches separated by similar distances. Similarly,
although several species of cottontails have been observed to swim (e.g. Chapman and
Feldnamer 1981, Chapman and Willner 1981, Ingles 1941), I expect that major rivers
such as the Piscataqua River also inhibit dispersal.
Litvaitis and Villafuerte (1993) postulated that the majority of New England
cottontail dispersal occurs within 500 meters and most dispersal events are not expected
to exceed 3 km. Additionally, as the average dispersal distance of other lagomorphs is 3
km, I predict that the 3.3 km habitat patch spacing called for in the management plan may
be sufficient for genetic exchange and population persistence; though patches spaced
even closer together would encourage greater gene flow. Furthermore, due to the more
ephemeral nature of inland patches, I hypothesize that more intensive management will
be needed to maintain non-coastal habitat and to ensure continued patch occupancy.
I expect that within New England cottontail populations, females will be more
closely related to each other than males are to each other, because in most mammalian
species females are more philopatric (Lawson Handley and Perrin 2007; Greenwood
1980). I also expect that cottontails in smaller, more isolated patches will be more closely
related to one another than those in larger patches that are connected to other populations.
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Methods
Study System and Sample Collection
I conducted an intensive noninvasive fecal pellet survey across the recently
occupied range of New England cottontails in southern Maine and seacoast New
Hampshire (following Litvaitis et al. 2006) during the winters of 2007/2008 and
2008/2009. Three samples collected in the winter of 2006/2007 were also included in our
data set.
Surveying in the winter increases detectability due to the opportunity for snow
tracking and the increased visibility of pellets on snow; it also allows for the better
preservation of DNA in pellet samples (Kovach et al. 2003). Additionally, winter
sampling takes place after juveniles from the previous summer have dispersed, and prior
to parturition of the first litter of the year. Thus, sampling is limited to post-dispersal
adults, and the inadvertent sampling of highly-related litter groups is avoided. The latter
may be important to prevent bias in studies of fine-scale genetic structure.
The New England cottontail exists sympatrically in parts of its range with two
other lagomorph species: the eastern cottontail (Sylvilagus floridanus) and the snowshoe
hare (Lepus americanus), and their fecal pellets are visually indistinguishable in the field.
Collection of snowshoe hare pellets could sometimes be avoided based on tracks; when
tracks were not definitive, or where the two cottontail species may co-occur, pellets were
collected and a diagnostic mtDNA test was used to identify the species of origin (see
below). Surveys conducted during 2007/2008 located New England cottontails in three
distinct geographic populations: 1) Strafford County, New Hampshire and the
southernmost portion of York County, Maine (Kittery/Berwicks); 2) coastal reserves in
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the town of Wells, Maine (Wells); 3) in Cumberland County, Maine, primarily along the
coast in Cape Elizabeth but also in Portland and Scarborough (CE/Portland; Figure 2.1). I
used these occupancy results as pilot data to plan my sampling scheme for the 2008/2009
field season.
Sampling scheme and scale are important considerations in planning a landscape
genetics study and they can influence the conclusions reached (Segelbacher et al. 2010,
Anderson 2010). It is therefore important to select a sampling design that will adequately
address the questions being asked. For my objectives of examining the influence of the
landscape on fine-scale genetic structure and dispersal, a continuously distributed
sampling scheme is appropriate (Storfer et al. 2007, Schwartz and McKelvey 2009).
Sampling at too small of a scale relative to the spatial autocorrelation of the species may
lead to erroneous inferences of increased spatial genetic structure, while sampling at too
large of a scale may mask underlying patterns (Schwartz and McKelvey 2009). Thus, an
ideal sampling scheme should incorporate the range of spatial and genetic variability by
sampling a relatively fine grain size across a relatively large geographic area (Storfer et
al. 2007, Schwartz and McKelvey 2009).
Although the New England cottontail is patchily distributed as a function of
habitat availability, I established a sampling design in 2008-2009 intended to obtain
representative genotypes distributed continuously across the landscape, by using a
hierarchical systematic grid pattern. Sampling was conducted with finer grains in areas of
known recent occurrence and coarser grains as the likelihood of encountering a New
England cottontail decreased. Grid points were spaced at two kilometer intervals across
the southernmost Kittery cluster and 4-kilometer grids were used across the two northern
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clusters. Additionally, Cape Elizabeth was searched more intensively because the habitat
patches are larger and more continuously distributed. The connecting landscape between
the three clusters was searched using an 8-kilometer grid (as cottontails had not been
detected in these areas in the previous surveys of 2000-2003, nor in 2007-2008), and
surveys were conducted occasionally beyond the extent of the grids in areas where
cottontails had been detected in the last decade. Up to 3 suitable habitat patches within an
approximate 1 kilometer radius around each grid point were searched. However, not all
grid points had nearby suitable habitat (Figure 2.1). Within each occupied patch, up to 10
pellets from a single pile or set of tracks were collected per sample. In larger patches or
where several sets of tracks were observed, multiple samples were collected per patch,
separated by at least 50 m, to maximize the number of individuals sampled. This was the
most exhaustive sampling effort in this area to date and likely documented nearly all
currently occupied New England cottontail patches in Maine and seacoast New
Hampshire. All pellets were stored at -20°C until analyzed.
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Figure 2.1 Sampling scheme for winter field surveys of New England cottontail fecal
pellets during winter of 2008/2009 and all patches searched during both field seasons.
Stars show the grid points used to center surveys - a 2 km grid was used in the
Kittery/Berwicks population, 4 km grids were used to survey the Wells and CE/Portland
populations, 8 km grids were used between those three populations. Circles indicate all
patches that were surveyed for this study. Dark circles identify New England cottontail
samples collected, light circles identify patches which had New England cottontails in a
survey conducted between 2000 and 2003, but which were not occupied by New England
cottontails in 2007/2008 or 2008/2009 surveys. Medium gray circles depict all of the
remaining patches that were searched but were not occupied by cottontails.
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Microsatellite Genotyping
DNA was extracted from one pellet per sample using the QIAamp® DNA Stool
Mini Kit (Qiagen, Valencia, Calif.), with minor modifications of the manufacturer's
instructions as described in Kovach et al. (2003). I then identified each DNA extract to
species using a RFLP analysis to differentiate among the lagomorph species (Litvaitis
and Litvaitis 1996, Kovach et al. (2003).
All samples were PCR amplified with fluorescent dye-labeled primers at 8
microsatellite loci found to be polymorphic in this population (Chapter 1), including a
SRY microsatellite for sex determination: Sol03 (Rico et al. 1994), Sat 12, Sat3, Sat 13
(Mougel et al. 1997), Sol44 (Surridge et al. 1997), Lsal (Kryger et al. 2002),
INRACCDDV016, INRACCDDV0326 [SRY marker] (Chantry -Darmon et al. 2005).
Samples were genotyped on an ABI 3130 automated DNA sequencer (Applied
Biosystems, Foster City, CA). Each sample was manually scored using Peak Scanner 1.0
software (Applied Biosystems, Foster City, CA) and alleles were binned with the
program Allelogram 2.2, available at <http://code.google.eom/p/allelogram/>. Samples
were genotyped at least three times at each locus until a consensus genotype could be
reached. Where there were discrepancies in the replicates, the consensus was based on
the most frequently amplifying allele(s). Although allelic dropout is assumed to be more
common than false alleles (Bonin et al. 2004), I used a conservative approach requiring
alleles to amplify at least twice for an individual to be scored as a heterozygote at a locus.
Genotyping error was assessed by manually comparing each replicate genotype to the
consensus (Taberlet et al. 1996). However, if the DNA sample was exhausted before all
data could be obtained, I still retained a genotype at a given locus if it successfully
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amplified twice and an identical genotype was obtained each time. When possible,
additional DNA was extracted from another pellet collected from the same location to
obtain the necessary number of replicate genotypes. Genotypes of multiple pellet
extractions from the same patch were examined to ensure that they were indeed from the
same individual (i.e. they had identical multilocus genotypes). If this was not the case, or
there were not enough data for a single extract for a confident genotype determination,
only the extracts with enough genotype data as described above were used for analyses.
Samples missing data at 3 or more loci were excluded from analyses.
Population Genetic Structure, Diversity and Effective Size
The collection of multiple samples within a patch resulted in repeat sampling of
individuals. I used the program DROPOUT (McKelvey and Schwartz 2005) to determine
which samples belonged to unique individuals and to calculate the probability of identity
for closely related individuals (PIDSIBS; Waits et al. 2001).
As the intensive survey efforts only yielded cottontails in the three disjunct
geographic areas identified by the pilot study (Figure 2.1), I first conducted descriptive
analyses of these three populations. The program MICROCHECKER (van Oosterhout et al.
2004) was used to test for null alleles and other genotyping errors. Tests for HardyWeinberg equilibrium (HWE) and linkage disequilibrium were performed in GENEPOP
(Raymond and Rousset 1995). GENALEX 6.3 (Peakall and Smouse 2006) was used to
calculate heterozygosities and private alleles. Allelic richness and F-statistics were
calculated in FSTAT (Goudet 1999).
I then assessed the population genetic structure at this scale using two Bayesian
clustering methods: STRUCTURE (Pritchard et al. 2000), a program that defines
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genetically similar clusters based solely on the genetic data and not on a priori population
definitions, and TESS (Chen et al. 2007), a similar program which also incorporates
sampling locations to help define genetic units. STRUCTURE was run 20 times at each K
(the number of putative genetic populations) from 1-7 using a burn-in of 100,000 and run
length of 500,000.1 used the no admixture model and independent allele frequencies. The
most probable K was determined from the plateau in a plot of the average lnPr(X IK) at
each K, as well as from the peak of the second order rate of change (AK) for each K
(Evanno 2005). TESS was also run 20 times at each K from 2 - 7 for 600,000 iterations,
including a burn-in period of 100,000 sweeps. I used the no admixture model and a
spatial interaction parameter of 0.6.
Gene flow was assessed using assignment tests and detection of migrants. Based
on the Bayesian clustering results and geographic proximity, the individuals were regrouped into genetic clusters. An assignment test was then performed in STRUCTURE,
using this prior population information. Burn-in and run length were the same as above,
and K was set to the K with the highest probability as determined in the above analysis.
The migration rate was set at 0.05 and I tested for migrant ancestry up to two generations
back. Assignment tests were also performed in GENECLASS 2.0 (Piry et al. 2004), using
the Rannala and Mountain (1997) Bayesian method. I also used the detect migrants
function in GENECLASS, using the L h o m e / L m a x criterion with Monte Carlo resampling
(Paetkau 2004) and an alpha of 0.01 to identify any potential first-generation migrants.
The effective population size of each genetic cluster was calculated in LDNe
(Waples 2006) and ONeSAMP (Tallmon 2008). I also tested for the presence of a genetic
bottleneck using two methods: the program BOTTLENECK (Piry et al. 1999) and the M-
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ratio method (Garza and Williamson 2001). I utilized the two-phase mutation model in
BOTTLENECK, setting the variance to 12 and the percent of single step-wise mutations to
0.88 and ran the program for 1000 iterations. For M-ratio, I used a 0 of 1, set the percent
mutations larger than one step to 0.12 and used a mean step size of 2.8.
Dispersal Barriers
To assess the presence of landscape barriers to gene flow I used the program
BARRIER 2.2 (Manni et al. 2004). This approach utilizes Monmonier's maximum
difference algorithm (Monmonier 1973) to identify areas of genetic discontinuity in the
landscape. Barriers are constructed between neighboring individuals, following a course
of greatest pairwise genetic differentiation. I used this approach to locate the 3 strongest
barriers across all individuals, as well as within the genetic clusters.
Fine-scale Spatial Genetic Structure and Dispersal
Patch size, shape and distribution in the landscape are good indicators of relative
levels of fragmentation and, as described above, differences in these landscape metrics
may influence connectivity, social interactions and dispersal behavior. I measured patch
area and perimeter of each occupied patch using aerial photos. The relative proportion of
edge habitat in each patch was estimated using a patch perimeter to area ratio. To assess
the relative isolation of patches, the distance between all pairs of occupied patches within
a population was determined and the distance to the nearest neighboring patch was
identified for each. Additionally, the density of New England cottontails sampled on each
patch was calculated for each sex.
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Within each genetic cluster, spatial autocorrelation analysis (Smouse and Peakall
1999) was used to inferfine-scalespatial genetic structure and to directly assess dispersal
distance (Epperson 2005). Spatial autocorrelation uses the genetic and geographic
distance between individuals to determine the spatial scale over which individual
genotypes are correlated (i.e., over what distance are individuals more closely related
than expected by chance). Due to extensive fragmentation which often resulted in large
distances between neighboring individuals, I utilized variable distance classes to both
analyze finer divisions at the shorter distances and to maintain sample sizes of at least 10
individuals in each distance class. This was performed in GENALEX and significance
tested with 9999 permutations and 9999 bootstraps. I analyzed populations separately and
also performed comparisons among populations using the GO and t2 statistics available in
the advanced analysis methods (Smouse et al. 2008).
Sex-biased dispersal
Sex-specific dispersal patterns were investigated with three different methods. I
first tested for a significant difference in spatial autocorrelation, as described above,
between males and females within each genetic cluster. I calculated /--values with the
program GENALEX (Peakall and Smouse 2006) for variable distance classes and
evaluated whether they were significantly different from a random sample of individuals
in the whole populatioa The bootstrap 95% confidence intervals around the estimate of r
were also compared for each sex to see if there was a significant difference in relatedness
between the sexes and at what spatial scale it could be detected (Peakall et al. 2003).
I also evaluated sex-biased dispersal following the method of Favre et al. (1997). I
used the GENECLASS assignment test results to obtain the log-transformed likelihood of
70

each individual's genotype originating from the population in which it was sampled.
From this I calculated each population mean subtracted it from the individual likelihood
scores to correct for differences between populations. The resulting corrected assignment
index (AIC) is an inverse measure of how likely a given individual was to have dispersed
into the population relative to the other individuals in the population. AIC values for males
and females within each population were then compared using a Mann-Whitney U-test.
Finally, I performed comparisons of relatedness, Fis, FST, and the mean and
variance of assignment tests between the sexes in each population using randomization
tests in FSTAT (Goudet et al. 2002). This was performed using a one-sided test with males
as the most philopatric sex, and 10,000 randomizations.

Results
Approximately 461 patches were searched, including revisits to some patches
between seasons, and 610 samples collected during the study period were analyzed. A
total of 361 samples were identified as New England cottontail and they were collected
from 54 patches. Survey results revealed a significant range contraction in comparison to
the most recent surveys of Litvaitis et al. (2006) conducted during 2000-2003 (Figure
2.1). No cottontails were found in any of the patches surveyed north of Cape Elizabeth on
the coast or the Portland Jetport inland. Further, cottontails were mostly absent from the
intervening landscape between the three geographic areas of 1.) Cape
Elizabeth/Portland/Scarborough, 2.) Wells, 3.) Kittery/York/Eliot/Berwicks/seacoast
New Hampshire.
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Of the 361 New England cottontail samples, 333 samples yielded sufficiently
complete genotypes; 160 of those were determined to be unique individuals. Average
false allele genotyping error rates across loci were 0.038 per genotype and 0.020 per
allele (Table 2.1). Average allelic dropout rates were 0.049 per genotype and 0.024 per
allele. The estimated probability of identity was sufficiently low for individual
identification (Waits et al. 2001). PIDSIBS for females was 1.602E-2, meaning for every 62
closely-related females, no two are likely to have an identical genotype. I was able to
discriminate males with even greater certainty, since the SRY microsatellite was not only
polymorphic but also biallelic due to a probable gene duplication event (Geraldes and
Ferrand 2006). PIDSIBS for males was 1.045E-2, indicating a 1 in 96 chance of two
closely-related male individuals having identical genotypes.
MICROCHECKER found evidence of null alleles at the Sat 12 (frequency: 9 - 14%)
and Sat3 (frequency: 5 - 35%) loci in Kittery/Berwicks, and null alleles for the Sol03
(frequency: 10 -17%) locus in CE/Portland. The Sol03 locus was also out of HardyWeinberg equilibrium in the CE/Portland population. With the exception of the SRY
marker in CE/Portland, all other loci in all populations were in equilibrium.
Several locus pairs showed signs of gametic phase disequilibrium: Sol44/Satl2
and Sol44/Satl3 in CE/Portland and Sol03/Satl2, Sol03/Sol44, Sol03/Satl3 and
Satl3/INRA16 in Kittery/Berwicks. When the populations were combined the
Sol44/Satl2 and Sol03/Satl3 pairs were no longer significant.
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Sat3
INRA16
INRA326 (Y)
Genotype Allele Genotype Allele Genotype Allele
FA
0.025
0.013
0.010
0.005
0.019
0.010
ADO
0.007
0.003
0.048
0.024
0.013
0.007
Error rate for the SRY - locus (INRA326) was based upon samples that produced an amplified product in more than one
PCR run.

Table 2.1. Genotyping error rates for noninvasive New England cottontail fecal pellet samples at 7 autosomal and 1 Ychromasomal microsatellite loci. Rates of false alleles (FA) and allelic dropout (ADO) are indicated per genotype and
allele.
Satl2
Sol03
Sol44
Lsal
Satl3
Genotype Allele Genotype Allele Genotype Allele Genotype Allele Genotype Allele
FA
0.084
0.043
0.058
0.033
0.032
0.018
0.012
0.006
0.063
0.034
ADO
0.105
0.052
0.100
0.050
0.018
0.009
0.015
0.008
0.085
0.042

Population Genetic Structure. Diversity and Effective Size
Mean allelic richness ranged from 2.2 in Wells to 2.7 in CE/Portland (Table 2.2).
Mean observed heterozygosity was lowest in Kittery/Berwicks (0.381) and highest in
Wells (0.482). The Kittery/Berwicks population had 6 private alleles at 5 loci and the
CE/Portland population had 6 private alleles at 4 loci. Fis ranged from -0.094 in Wells to
0.108 in Kittery/Berwicks and was significantly greater than zero in the Kittery/Berwicks
population. The three populations were all significantly differentiated, as all pairwise FST
values were significant (overall FST = 0.085; Table 2.3) and the largest difference was
between Kittery/Berwicks and CE/Portland (FST = 0.11).
Both Bayesian clustering methods detected four distinct genetic clusters that
differed slightly from the geographically-defined populations (Figure 2.2): 1) a small
group in Portland around the Portland International Jetport, between 1-95 and 1-295
(Jetport); 2) the remaining individuals in Cape Elizabeth and Scarborough (Cape
Elizabeth); 3) all of the individuals in Wells along with all Kittery individuals sampled
from east of 1-95, as well as a handful of individuals from a patch that directly abutted the
interstate on the western side (Kittery East); and 4) all of the remaining individuals
sampled on the western side of 1-95, including Eliot and the Berwicks in Maine and
seacoast New Hampshire (Kittery West) (Figure 2.3 and Figure 2.4). Based on the
genetic clustering results, individuals were re-grouped for the remaining analyses
according to the dominant genetic cluster assignment of its sampling location.
The GENECLASS assignment test assigned 86.3% of the individuals back to their
sampled location (quality index = 80.43%) and only five individuals cross-assigned to
other populations with relatively high probability (>75%). Two of those individuals were
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sampled in Cape Elizabeth and assigned to the Jetport, the remaining 3 were crossassigned between the 2 northern and 2 southern populations: one was an individual
sampled in Kittery East that assigned to Cape Elizabeth, another was sampled in Kittery
West and assigned to the Jetport, and the remaining individual was sampled in Cape
Elizabeth and assigned to Kittery West. One individual sampled in the Jetport was
detected as a putative migrant from Cape Elizabeth in the GENECLASS migrant detection
analysis, however, its GENECLASS assignment value was only 61.7%. The assignment test
in STRUCTURE failed to detect any migrants. One individual sampled in Cape Elizabeth
had a resident probability in STRUCTURE of only 0.56 and non-negligible parental
ancestry probabilities for the Jetport (0.105) and Kittery West (0.164), suggesting it may
have migrant ancestry. All remaining individuals had resident probabilities between
0.826 and 0.993.
Genetic diversity measures for each of the genetic clusters were similar to each
other and to those for the geographic populations (Table 2.4). Private alleles were
identified in each cluster. Fis was not significantly different from zero in any of the
genetic clusters, suggesting that the higher, significant Fis value of the geographic Kittery
population was a consequence of sampling error and the Wahlund effect, not due to
inbreeding. All pairwise FST values were significant, and the largest difference was found
between Kittery East and Kittery West (FST = 0.13), while the lowest was between
Kittery West and the Jetport (FST = 0.04; Table 2.5).
Effective population sizes for each cluster ranged from only 5.3 in Kittery East to
63.1 in Kittery West. Estimates obtained by the two methods were significantly different
for Kittery East (based on non-overlapping 95% confidence intervals), and the LDNe
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method was unable to accurately calculate estimates for some populations (Table 2.6).
The Cape Elizabeth population showed signs of having experienced a recent genetic
bottleneck (Table 2.7). It exhibited an allelic distribution with a shifted mode and
significant heterozygosity excess (P = 0.027, one-tailed probability test) by the
BOTTLENECK method. None of the other genetic clusters showed significant signs of a
recent genetic bottleneck. The M-ratio method did not detect a significant genetic
bottleneck for any of the clusters, although the results for Kittery West population
approached significance (P = 0.07).
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Table 2.2. Genetic diversity of New England cottontail populations in southern Maine
and New Hampshire, USA. Alleles, Allelic Richness, observed heterozygosity (Ho),
unbiased expected heterozygosity (UHe) and Fis are averaged across loci. Private alleles
are the total number (and total frequency) of private alleles for all loci in each population.
.„ .
_
, 4. T/WTX
Alleles
Population (N)
Kittery/Berwicks (52)
3.6
Wells (8)
2.3
CE/Portland (100)
3.8
*Significant at the P < 0.05 level

Allelic
„
Private
_
¥TTT
.
Ho UHe
... .
Fis
Richness
Alleles
2.6
0.381 0.427 6(0.368) 0.108*
2.2
0.482 0.444 0(0.000) -0.094
2.7
0.477 0.493 6(0.359) 0.031
after Bonferroni correction.
n.
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Table 2.3. Pairwise FST of New England cottontail geographic populations.
Kittery/Berwicks Wells
Kittery/Berwicks
Wells
CE/Portland

J
0 081*
0.107*

0.064|

* All FST values were significant at the 5% level after Bonferonni correction
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Figure 2.2. New England cottontail sampling locations and genetic clusters in southern
Maine and New Hampshire, USA. Four genetic clusters were detected: York County, ME
east of Interstate 95 (Kittery East); Strafford County, NH and York County, ME west of
Interstate 95 (Kittery West); near Portland International Jetport, Portland, ME (Jetport);
and along the coast of Cape Elizabeth, ME and in Scarborough, ME (Cape Elizabeth).
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a .)

Cape Elizabeth

Wells

Kitterv

b.)

Figure 2.3. Individual New England cottontail assignment probabilities to genetic clusters
determined by a.) STRUCTURE and b.) TESS. Geographic sampling location of each
sample is indicated above diagram. Shading indicates individual probability of
assignment to each genetic cluster.

80

? sfssea

Figure 2,4. TESS hard-clustering diagram of New England cottontail genetic clusters for
K = 4; Shading corresponds to assignment probabilities in each genetic cluster (Figure
2.3).
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Table 2.4. Genetic diversity of New England cottontail genetic clusters in southern Maine
and New Hampshire. Alleles, Allelic Richness, observed heterozygosity (Ho), unbiased
expected heterozygosity (UHe) and Fis are averaged across loci. Private alleles are the
total number (and totalfrequency)of private alleles for all loci in each population.
Alleles
Population (N)
Cape Elizabeth (91) 3.5
Kittery East (31)
3.1
Kittery West (29)
3.3
Jetport (9)
2.4

Allelic
Richness
2.9
2.6
2.5
2.3

Ho
0.488
0.410
0.376
0.382
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UHe
0.501
0.417
0.395
0.340

Private
Alleles
4 (0.284)
1 (0.200)
3(0.103)
1 (0.056)

0.025
0.017
0.049
-0.131

Table 2.5. Pairwise FST of New England cottontail genetic clusters.
Cape Kittery
Elizabeth East

Kittery
West

0.114* 0.127*
^
0.077* 0.108*

0.040*

Cape
Elizabeth
Kittery
East
^ ^
West
Jetport

All FST values were significant at the 5% level after Bonferonni correction
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Table 2.6. Estimated effective population sizes of New England cottontail genetic
clusters in southern Maine and New Hampshire.
Population
Kittery West
KitteryEast
Cape Elizabeth
Jetport

Mean Ne (95% CI)
LDNe
Undefined
5.3(2.9-11.0)
42.2 (22 - 105.7)
7.7(1-Undefined)
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Mean Ne (95% CI)
ONeSAMP
63.1 (39.6 - 171.5)
23.8 (17.8-51.9)
35.7 (23.2 - 70.4)
10.1(8.0-14.1)

Table 2.7. Results of genetic bottleneck tests of New England cottontail genetic clusters
. •
Population
Cape
Elizabeth
Kittery
East
Kittery
West
Jetport

BOTTLENECK'
Mr
w-i
-r * BOTTLENECK _,
. 22
WilcoxonTest
.
M-ratio
(Ne
=
500)
M
tt!ft
Probability
Mode-Shift
V
)
0.027*
0.854
0.795
Shifted Mode
0.188
0.973
0.656

Normal Lshaped
Normal Lshaped
Normal Lshaped

M-ratio
„ . .....
Probability
0.20

0.837

0.784

0.17

0.797

0.784

0.07

0.891

0.764

0.49

*P<0.05.
1 For the tests performed in BOTTLENECK, the Wilcoxon one -tail probability of heterozygosity excess
for the two-phase mutation model is given, as well as results of the allelic mode shift test.
2 The M-ratio for each genetic cluster is specified; critical M values (Mc) were calculated using Ne = 500
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Dispersal Barriers
The strongest genetic discontinuity identified in BARRIER was associated with
Interstate-95 (Figure 2.5.1). The second-order barrier surrounded a small group of
individuals in Cape Elizabeth within a single patch, with no discernible landscape feature
likely to be acting as a barrier to dispersal (Figure 2.5.2). The third strongest genetic
discontinuity separated a sample in Wells from the rest of the individuals in Wells
(Figure 2.5.3). This may actually be a temporal barrier - the sample that was isolated was
one of 3 samples included in the dataset that were collected in the winter of 2006/2007.
Additional barriers were identified within each of the genetic clusters. In Cape Elizabeth,
the second-order barrier primarily separated an isolated individual that was located about
5 km away from the main cluster of patches (Figure 2.5.2). In Kittery East, the secondorder barrier may correspond in part to two ocean inlets; several individuals sampled
further inland from York Middle School were also separated from others on the same
patch (Figure 2.5.3). In Kittery West, genetic discontinuities were potentially associated
with two roads (Rts. 236 and 101) and with the geographic isolation of two individuals
that were sampled approximately 9 km apart (Figure 2.5.4).
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Figure 2.5.1. Identification of genetic barriers of New England cottontails across the
landscape in southern Maine and Seacoast New Hampshire. The widest barriers represent
the strongest genetic discontinuities across the entire population. (1) The strongest
support is for 1-95 acting as a dispersal barrier in Kittery. (2) The second-order barrier
isolated a group of individuals in Cape Elizabeth (See Figure 2.5.2 to view). (3) The
third-order barrier isolated an individual in Wells that was collected in the winter of
2006/2007 from those collected in 2007/2008 and 2008/2009. Barriers shown in black
represent the strongest genetic discontinuities within the genetic clusters. See Figures
2.5.2-2.5.4 to view in more detail.
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Figure 2.5.2. New England cottontail genetic discontinuities identified in the Cape
Elizabeth genetic cluster. The strongest genetic discontinuity (which corresponds to the
second-order barrier identified in the entire population overall, Figure 2.5.1) isolated
certain individuals within the same patch, with no discernible landscape barrier. The
second strongest genetic discontinuity (in black) identified within the Cape Elizabeth
population was primarily between a highly isolated individual and the other individuals
sampled in Cape Elizabeth.
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Figure 2.5.3. New England cottontail genetic discontinuities identified in the Kittery East
genetic cluster, a.) The strongest barrier, (1) corresponding to the third-order barrier
identified in the population overall (Figure 2.5.1) separated a sample collected in Wells in
2006/2007 from the other individuals sampled in 2007/2008 and 2008/2009. b.) The
second-order barrier in Kittery East was associated with the isolation of some coastal
individuals situated between two ocean inlets.
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Figure 2.5.4. New England cottontail genetic discontinuities identified in the Kittery
West genetic cluster. 1) The strongest barrier identified separated two individuals located
between major roads (Rts. 101 and 236) and separatedfromthe nearest patch to the
southeast by approximately 5 km. 2) The second-order barrier was between individuals
separated by 9 km.
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Fine-scale Spatial Genetic Structure and Dispersal
Several differences in patch characteristics and spatial genetic structure were
found among Cape Elizabeth and the two Kittery populations (the Jetport was not
included in any analyses offine-scalegenetic structure or sex-biased dispersal due to low
sample size). Patches in Kittery East were found to be much smaller than patches in the
other two populations (Table 2.8, Figure 2.6). Accordingly, Kittery East patches had
significantly higher perimeter-to-area ratios (F = 6.29, df = 2, 49, P = 0.004) and the
density of sampled males on Kittery East patches was also significantly higher than in the
other populations (F= 6.04, df = 2, 32, P = 0.006). The mean nearest neighbor distance
of Kittery West patches was significantly higher than the other two populations (F = 3.57,
df = 2, 49, P = 0.04) after removal of outliers (2.16 km vs. 0.33 in Cape Elizabeth and
0.59 in Kittery East), indicating greater patch isolation.
All spatial autocorrelation correlograms were significant, indicating significant
spatial genetic structure in all populations (Table 2.9). However, pairwise comparisons of
spatial autocorrelation in the three populations revealed that patterns of autocorrelation in
Kittery West are significantly different from those in Cape Elizabeth and Kittery East
(overall GO = 43.1; P = 0.001; Table 2.10; Figure 2.7). Specifically, cottontails in Kittery
West are significantly more likely to be related at distances between 500 and 750 meters
than in the other two populations, and individuals were significantly more related in both
Kittery East and Kittery West in the 1.5 - 2 km distance class than in Cape Elizabeth.
Thus, fragmentation in the Kittery populations has resulted in more restricted gene flow
than in Cape Elizabeth, and hence greater spatial genetic structure; this is even more
pronounced in the Kittery West population.
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Population-specific spatial autocorrelation tests revealed that in Cape Elizabeth,
individuals were significantly likely to be related up to a distance of about 0.4 kilometers
and the x-intercept, indicating the estimated extent of autocorrelation, was at 0.6
kilometers. In Kittery East, the probability of individuals being more closely related than
expected by chance was not significant at any distance class, however it approached
significance in the 0.5 kilometer and 3 kilometer distance classes (P = 0.05). The genetic
neighborhood (based on the x intercept) was much larger for Kittery East than Cape
Elizabeth, however, extending to 3.9 kilometers. In Kittery West, relatedness was
significant up to a distance of 2 kilometers, and the genetic neighborhood extended to 2.8
kilometers. Overall, relatedness was higher in the Kittery West population than in the
others at each of the smallest distance classes, further indicating comparatively restricted
gene flow in this population.
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3.9

KitteryWest

366.0

772.7*
2.16 [*]

0.92 [0.59]

indicates ANOVA significant difference following Tukey HSD test.

2.1

KitteryEast
0.36

2.55*

1.11

1.92

Table 2.8. Characterization of patches occupied by New England cottontails in each genetic cluster in southern Maine and Seacoast
New Hampshire, USA
Population
Mean Patch Area
Mean Perimeter:
Mean Patch Nearest Mean Male Patch Mean Female
(ha)
Area ratio (edge)
Neighbor Distance
Density
Patch Density
(km) [outliers
removedl
Cape Elizabeth
5.4
413.6
0.91 [0.33]
0.81
0.62

p

•-. * ' • • >

>

• ->*«$/

/ ^ \
—" - - * ^ /

Figure 2.6.1. Patch outlines of occupied New England cottontail habitat in southern
Maine and New Hampshire. A.) Cape Elizabeth - coastal Cape Elizabeth patches,
excluding the patches occupied on the Portland International Jetport. B.) Kittery East patches occupied east of, and directly abutting, 1-95 in Maine. Occupied patches in Wells
are not shown.
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C.)

Figure 2.6.2. Patch outlines of occupied New England cottontail habitat in southern
Maine and New Hampshire. C.) Kittery West - patches occupied in New Hampshire and
those west of 1-95 in Maine.
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g

5.1-7.5
0.022
209
0.087
-0.005
119
0.621
0.009
107
0.366

4.1-5.0
r = -0.025
/; = 307
p = 0.958
r-0.007
n = 20
/? = 0.459
r = -0.053
n -45
p = 0.901

0.003
221
0.430
-0.027
32
0.735
-0.122
46
0.998

7.6 - 1 0

-0.159
26
0.999

0.003
432
0.367

10.1-12.5

0.045
22
0.200

_—

——

-0.071
55
0.987

12.6-15

87.348

48.707

71.697

to -test
criterion

0.00

0.02

0.00

P-value

Due to low sample sizes in the Kittery populations, some distance classes were combined into the next largest class (indicated
by dash - e.g. in Kittery East n = 25 for the distance class 0.51-1.5).

Kittery
West

East

Kittery

Distance
Class (km)
Cape
Elizabeth

Table 2.9. Spatial autocorrelation of New England cottontail relatedness by distance class for each genetic cluster in southern
Maine and Seacoast New Hampshire.
Distance
0.0-0.25
0.26-0.5 0.51-0.75
0.76-1.0
1.1-1.5
1.6-2.0
2.1-3.0
3.1-4.0
Class (km)
Cape
r = 0.123
0.011
-0.044
0.002
-0.007
-0.008
0.008
-0.027
Elizabeth
« = 187
102
145
173
411
468
832
553
p =0.000
0.337
0.975
0.466
0.715
0.765
0.153
0.991
Kittery
r = 0.137
0.129
0.080
0.070
0.108
-0.062
East
« = 18
18
—
—
25
12
20
17
/? = 0.040
0.049
-—
—
0.093
0.219
0.049
0.806
Kittery
r =0.212
0.222
0.146
-0.020
0.078
West
22
18
31
33
w = 30
p =0.001
——
——
0.001
0.014
0.679
0.058

5.1-7.5
0.424
0.525
0.082
0.780
0.126
0.729

4.1-5.0
r = 0.220
p = 0.641
,r?= 0.288
/> = 0.596
t = 0.620
p = 0.426

Distance Class (km)
___
Cape Elizabeth vs.
Kittery East
Cape Elizabeth vs.
Kittery West
Kittery East vs.
Kittery West

2.129
0.146
0.608
0.435
1.649
0.197

t = 0.029
p = 0.862
**= 1.814
/> = 0.178
T7= 0.699
p = 0.397

Cape Elizabeth vs.
Kittery East
Cape Elizabeth vs.
Kittery West
Kittery East vs.
Kittery West

0.26-0.5

0.0-0.25

Distance Class (km)

0.282
0.596
5.984
0.012
2.208
0.135

7.6-10

0.158
0.690
9.685
0.003
5.406
0.020

0.51-0.75

0.478
0.800
7.233
0.008
11.898
0.001

10.1-12.5

0.687
0.408
1.976
0.153
0.400
0.519

0.76-1.0

1.451
0.247
1.958
0.165
0.019
0.899

12.6-15

4.490
0.032
6.008
0.015
0.101
0.755

1.1-2.0

0.4244

0.0002
0.0048

59.2106
45.3819

P-value

0.238
0.623
3.553
0.058
2.809
0.095

3.1-4.0

24.7303

™ .
criterion

2.038
0.151
0.227
0.628
2.328
0.130

2.1-3.0

Table 2.10. New England cottontail pairwise genetic cluster comparisons of spatial autocorrelation by distance class.
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Figure 2.7. Spatial autocorrelation of New England cottontail samples by genetic
cluster.
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Sex-biased dispersal
Sex-specific spatial autocorrelation analyses indicated that males were
significantly related over much greater distances than females in the Cape Elizabeth and
Kittery East populations, while the reverse was true in Kittery West (due to low sample
sizes in the Kittery populations, I only considered the results of the permutation tests;
Figure 2.8). In Cape Elizabeth, males were significantly more likely to be related than
random up to a distance of 3 kilometers. Females had positive relatedness values in the
two smallest distance classes, but this was only significant for the 500 m distance class.
Similarly, in Kittery East males were significantly more likely to be related than random
at all distance classes. Females were only significantly related in the smallest distance
class (250 m).
In contrast, in Kittery West, females were significantly more likely to be related
than random at all distance classes. Conversely, males were significantly related at only
the largest distance classes tested (3750 m - 4250 m) and relatedness was just barely
greater than or equal to the upper permuted confidence limit in most distance classes
from 2250 m to 3500 m.
Additionally, relatedness for males was positive in the shorter distance classes in
Cape Elizabeth and Kittery East, and quite high in the latter population, and relatedness
decreases with distance. Conversely, male relatedness in Kittery West remains positive
and is relatively consistent for all distance classes, but not generally significant, perhaps
due in part to the small sample size and associated wide confidence intervals. Still, this
pattern suggests males are still comparatively philopatric in Kittery West and that
dispersal is greatly limited for both sexes in this population.
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None of the sex-biased dispersal tests in FSTAT were significant when all
populations were tested (Table 2.11). Because Kittery West seemed to be exhibiting a
different pattern from the other populations, I removed it and re-analyzed the data from
only Cape Elizabeth and Kittery East. The assignment test and Fis comparison were both
significant. The assignment test was negative for females and females had a larger Fis,
both of which indicate female-biased dispersal in these populations. Additionally,
although the tests were not significant, FST and relatedness values were lower for females,
and the variance in the assignment test was higher for females in these populations,
further suggesting female-biased dispersal.
Sex-biased dispersal tests using Ale calculated from GENECLASS assignment tests,
on the other hand, produced somewhat contrasting results. The Ale was significantly
more negative for females than males in Cape Elizabeth and Kittery West, whereas there
was no significant difference between the sexes in Kittery East (Figure 2.9). Thus femalebiased dispersal was indicated by this test to be significantly likely in Cape Elizabeth and
Kittery West, and no difference was detected among the sexes in Kittery East.
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Figure 2.8. Comparisons of New England cottontail relatedness by sex and distance class
in each genetic cluster.
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„
. .
Populations
Probability
Cape
Elizabeth
and Kittery
East only
Probability

_____

0.148

Q2Q6

0194

0.208

Q ]55

0.177

0.024*

_ 05 __

0.111

-0.583

_Q 5 5 2

-0.572

0.184

QQ52

0.217

0.052

QMQ

0.044

0.032*

Q223

0.123

0.149

Qg

-0.129

0.486

^_71

0.501

2.055

1 59Q

2.218

Table 2.11. Results of sex-bias dispersal analyses calculated in FSTAT for the New England cottontail.
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Figure 2.9. Mean Ale based on GENECLASS log-likelihood assignment tests
among male and female New England cottontails.
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Discussion
I have documented a population decline and range contraction of New England
cottontails in Maine within the past decade. In the mid-1960s, thought to be the peak of
New England cottontail population levels in this area, cottontails were found as far north
as Augusta and east into Lincoln County (Figure 2.1 inset; Coulter and Faulkner 1965).
Field surveys in the early 2000s, however, detected cottontails only as far north as the
lower third of Cumberland County. My results show that New England cottontail
populations are still declining, and today their range has contracted further south and east
toward the coast. Despite an intensive survey effort, cottontails were only found in 3
distinct geographic locations - a much reduced portion of Cumberland County, consisting
primarily of the southernmost coastal town of Cape Elizabeth, but also surrounding the
Portland International Jetport; on a coastal reserve in Wells; and across the southernmost
tip of York County between Kittery and the Berwicks, as well as a few locations in
Strafford County, New Hampshire. Many of the inland locations appear to have been
lost, especially between the Wells and Cape Elizabeth populations, exacerbating
population isolation.

Population Genetic Structure and Diversity
The effect of this extensive decline is manifest in the genetic structure, diversity
and effective sizes of remnant populations, as well as in the patchy and often isolated
distribution of individuals in the landscape. New England cottontail habitat in southern
Maine and seacoast New Hampshire is highly fragmented and populations are extremely
isolated. Four distinct genetic clusters were identified and there was little evidence of
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gene flow among them. I found that cottontails in Maine and seacoast New Hampshire
comprised 4 genetically distinct clusters: the Jetport; Cape Elizabeth and Scarborough;
southern York County, west of 1-95, including individuals sampled in New Hampshire;
and in Kittery, east of 1-95, as well as the individuals sampled in Wells. Assignment tests
found little evidence of gene flow among the genetic clusters, perhaps due to the presence
of dispersal barriers and the distance among populations. Additionally, the high
proportions of private alleles in all populations further indicate loss of connectivity and
rapid genetic drift.
The extensive documented range contraction and population decline in such a
short period of time supports my finding of a recent population bottleneck in the
northernmost Cape Elizabeth population of cottontails. The BOTTLENECK method has
been shown to detect bottlenecks that have occurred relatively recently, while the M-ratio
method detects more historic bottlenecks (Williamson-Nateson 2005). None of the other
populations showed evidence of a bottleneck, however the Kittery West population
approached significance with the M-ratio method. Thus, although population loss has
affected the Kittery populations, it is possible that a genetic bottleneck occurred earlier
than I am able to detect with these methods, or more likely, these populations are
experiencing ongoing decline. Additionally, the sample sizes in these populations are
relatively small which may limit my ability to detect genetic changes at this scale.
Overall, cottontails in Maine and New Hampshire show reduced genetic diversity,
indicated by a lack of polymorphic loci (only 11 polymorphic loci out of 22 tested that
were found to be polymorphic in other populations across the range). However, the
inbreeding coefficient Fis was not significant in any populations, suggesting inbreeding
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may not be an important concern at this time. Also, genetic diversity measures were
relatively similar across all populations within Maine, yet there were private alleles in
every population, further suggesting loss of genetic diversity. Effective population sizes
were low for all populations, especially Kittery East. These populations may be at risk of
extinction from stochastic effects without additional management/genetic input.
Dispersal Barriers
Overall, the major barriers to dispersal correlated with some class 1 and class 2
roads and extensive distances between patches. The genetic clusters appear to be
segregated primarily by 1-95; the Jetport may be isolated from Cape Elizabeth by another
major highway, 1-295, and sheer distance. On the other hand, the grouping of individuals
in Kittery and Wells despite an extensive geographic distance may be indicative of the
shrubby roadside edge to 1-95 acting as a dispersal conduit for cottontails. The strongest
barrier identified was between individuals on either side of the busiest road in Maine,
Interstate-95. The highest level of genetic differentiation occurred between the
neighboring populations of Kittery East and Kittery West, despite their relative
proximity. This highlights the significance of Interstate-95 acting as a strong barrier to
dispersal and that it has influenced these populations for some time.
Currently, there are 30 cm diameter culverts under 1-95 for water drainage,
however recent research indicates that this is insufficient for lagomorph crossings. Mata
et al. (2008) found lagomorphs in Spain did not use culverts at all, only open-span and
wildlife underpasses, which have much larger openings than culverts. Accordingly, they
noted a significant positive correlation of passage use with openness index. In contrast,
Ascensao and Mira (2007) found that lagomorph use was negatively correlated with
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cross-sectional area of culverts. Nevertheless, several characteristics define the likelihood
of lagomorphs to utilize crossing structures. A key component is visibility, including the
amount of light in the tunnel and ability to see the other side. This is generally defined in
an openness ratio, which is a function of cross-sectional area divided by length (Yanes
2005). 1-95 is approximately 55 m wide at the location of the genetic barrier I identified.
Given this extensive distance, the current openness ratio of these culverts is only 0.001,
much smaller than the minimum openness ratio of 0.4 recommended by Cavallero et al.
(2005) for lagomorphs. Thus it is likely that the current 1-95 culverts are not used by
cottontails.
Gene flow among patches and populations also seemed to be limited by distance.
Barriers within genetic clusters showed that patch isolation, generally exceeding 5 km,
also resulted in genetic discontinuities. This may also be due to unfavorable habitat in the
intervening landscape between patches. However, the -20 km distance between
individuals sampled in Wells and Kittery east of 1-95 was not identified as a barrier,
which may be due to the existence of habitat along the 1-95 corridor actually being more
conducive to dispersal than the typical landscape matrix in other portions of the range.
Gene flow did not appear to be impeded by most other major roads, nor by the
Salmon Falls River, which is relatively narrow where cottontails exist on either side of its
banks. These findings are similar to those found for the pygmy rabbit {Brachylagus
idahoensis). Creeks and roads were not found to represent dispersal barriers for the
pygmy rabbit and sampling locations within 13 km were not genetically differentiated
(Estes-Zumpf et al. 2010). Also, inhospitable habitat matrix was suggested to impede
pygmy rabbit dispersal.
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Fine-scale Spatial Genetic Structure and Dispersal
I found significant differences in levels of fragmentation and dispersal patterns
among the genetic clusters. Patches in Cape Elizabeth are larger and spaced closer
together than those in the more fragmented Kittery populations. Patches in Kittery East
tended to be quite small, resulting in higher rabbit densities on lower quality patches with
greater proportion of edge habitat. Mean nearest neighbor patch distance was slightly
higher in Kittery East, indicating patches are more separated than in Cape Elizabeth. In
Kittery West, patches are highly isolated and more fragmented due to extensive interpatch distances and higher densities of class 1 and 2 roads separating patches. Thus,
overall, the habitat in the Kittery populations is more fragmented than that in Cape
Elizabeth.
Spatial genetic structure arises as a result of restricted dispersal; it is inversely
correlated with the amount of gene flow and effective population size (Goncalves da
Silva 2007). I found that all populations of New England cottontails exhibited significant
spatial genetic structure, which is predicted by classic patterns of isolation-by-distance.
Yet, mean relatedness was significantly greater at the smaller distance classes in the
Kittery West population where patches are substantially more isolated compared to the
other populations, suggesting that dispersal is considerably more constrained in Kittery
West.
Additionally, spatial autocorrelation analyses showed that the genetic
neighborhood of cottontails was much larger in the Kittery populations (2.8 - 3.9 km)
than in Cape Elizabeth (0.6 km) and this is probably the result of individuals having to
disperse further in Kittery to find suitable habitat. Fragmentation has been shown to alter
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patterns of spatial autocorrelation (Smouse et al. 2008, Walker et al. 2008). Fragmented
populations tend to show higher levels of spatial genetic structure and inbreeding due to
limited dispersal relative to continuous populations (Banks et al. 2005, De-Lucas et al.
2009). This results in spatial autocorrelation extending for greater distances in
fragmented populations, although the restricted dispersal effect is sometimes mitigated
through long-distance gene flow (Born et al. 2008). Additionally, dispersal extent was
found to be greater in lower density populations of badger {Meles meles; Frantz et al.
2010). Thus, the limitations to dispersal in Kittery imposed by the landscape matrix may
be occasionally overcome by a long-distance disperser.
Sex-biased Dispersal
Tests of sex-biased dispersal revealed that dispersal is typically female-biased,
although there were population-specific differences. Female-biased dispersal is likely the
norm for this species as it was exhibited in the majority of populations including Cape
Elizabeth, which due its more extensive and continuous habitat, may best approximate
natural conditions and processes for this species. I inferred that females tended to
disperse further than males in two of the three populations, based on differences in spatial
genetic structure and assignment tests.
Female-biased dispersal is a relatively rare phenomenon among mammals
(Greenwood 1980, Dobson 1982, Lawson-Handley and Perrin 2007). Dispersal is mainly
thought to occur to reduce local resource competition or mate competition, as well as to
decrease the likelihood of inbreeding. The direction and intensity of sex-biased dispersal
is closely-linked to the mating system and social behavior of the species. Female-biased
dispersal tends to occur in species where local resource competition is stronger than local
109

mate competition, thus those species tend to exhibit resource-defense systems rather than
female-defense systems (Lawson-Handley et al. 2007). For example, female-biased
dispersal often occurs in monogamous species (e.g. California mouse, Peromyscus
californicus, Ribble 1992), as males in these systems typically defend resources so
familiarity with the natal area is advantageous. In species that are polygynous with social
cooperation (e.g. kinkajou, Potosflavt4s, Kays et al. 2000), males benefit from kin
cooperation in defending territories to increase mating success and so are less likely to
disperse. Female-biased dispersal also occasionally occurs in solitary species that are
polygynous (e.g. North American porcupine, Erethizon dorsatum, Sweitzer and Berger
1998). In the latter mating system, female-biased dispersal often occurs with resource
defense polygyny where females are not aggregated and habitat resources are patchy,
thus males increase their mating success by defending territories with resources needed
by females (Bradbury and Vehrencamp 1976 and 1977, Sweitzer and Berger 1998,
Mutschler et al. 2000). In such mating systems, females may disperse to avoid inbreeding
if the time for females to reach sexual maturity is shorter than male reproductive tenure
(Sweitzer and Berger 1998, Nagy et al. 2007).
Similar conditions may favor female-biased dispersal in the New England
cottontail. The limited information on New England cottontail social behavior to date
suggests that they are solitary, with males and females only coming together during
estrus, and males may maintain a dominance hierarchy (Tefft and Chapman 1987). The
breeding season of New England cottontails generally extends from March to September
and cottontails produce on average 2.5 litters per year (Haysssen et al. 1993, Ernest
2003). Females reach sexual maturity at 4 months, thus female kittens from the earliest
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litters of the season will become sexually mature in their first year and therefore must
disperse to avoid mating with their father. Female-biased dispersal has also been noted in
other lagomorphs, such as the pika {Ochotona princeps, Millar 1971, Tapper 1973) and
pygmy rabbit (Estes-Zumpf and Rachlow 2009).
Although my analyses suggest that New England cottontails exhibit female-biased
dispersal in continuous habitat, the pattern may be altered where there is severe
fragmentation. In Kittery West, where remnant patches are highly isolated, several tests
indicated that females were more related than males, indicating a male-biased dispersal
pattern in this population. Also, the genetic neighborhood in Kittery West for females
was nearly 4 km, much larger than in Cape Elizabeth or Kittery East (600 m and 426 m,
respectively), yet the genetic neighborhood for males was similar (5 km vs. 1.8 km and
7.2 km). This suggests that there has not been an increase in male dispersal, but rather the
greater fragmentation in Kittery West limits female dispersal to a greater extent than in
the other populations. Other studies have found that the direction and intensity of sexbiased dispersal may be condition-dependent (Bowler and Benton 2005). Banks et al.
(2005) found that while dispersal of the marsupial Antechinns agilis was male-biased,
increased fragmentation restricted dispersal of males more than that of females and this
effect increased with greater patch isolation. Reduced mate competition and skewed sex
ratios may lead to altered sex-bias dispersal patterns as well (Perez-Gonzalez and
Carranza 2009).
Population decline may additionally explain the contrasting dispersal patterns
noted in Kittery West. Population decline was found to alter patterns of dispersal in the
Tasmanian devil {Sarcophilus harrisii, Lachish et al. 2010). Similarly, the Kittery West
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cottontail population may be experiencing greater population pressure leading to altered
dispersal patterns. Density-dependent resource availability may affect dispersal regimes,
such that at high density (or low resource availability), both sexes are less likely to
disperse since individual body condition is not sufficient for successful dispersal
(Wahlstrom and Liberg 1995). Thus, if patches in Kittery West are of low quality,
females may be less able to initiate dispersal due to the added costs of reproduction. Thus
I would have expected to see a similar pattern in Kittery East due to the overall small
patch sizes, yet I have no information comparing differences in habitat quality between
the two populations.
Still, differences in dispersal patterns between Kittery West and the other
populations may nevertheless be a consequence of habitat differences. Patches in Cape
Elizabeth and Kittery East are primarily coastal thickets, while patches in Kittery West
are mainly early-successional habitats. The vegetative cover on patches in Kittery West is
much more ephemeral than the more persistent coastal shrub that comprises the majority
of patches in the other two populations. This might be an additional factor causing the
differences in dispersal patterns noted in Kittery West. Dispersal ability may be inversely
correlated with habitat persistence (Denno et al. 1996) and this exemplified to some
extent by my results. Despite the significantly larger distances between neighboring
patches in Kittery West, New England cottontails in that population are significantly
likely to be related over greater distances than in Kittery East, suggesting fewer
dispersers yet greater dispersal capability relative to the other populations. This may be a
function of the greater habitat fragmentation and patch isolation in Kittery West as
several studies have demonstrated that increased dispersal ability can be induced through
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selection (e.g. Koch and Britton 2001, Sadowska et al. 2008). However, greater dispersal
ability may come at a cost of reduced reproductive potential (Feder et al. 2010 and
references therein).
Conservation Implications
My results have shown that habitat fragmentation has significant impacts on New
England cottontail dispersal, both overall as well as differential impacts among the sexes.
In Cape Elizabeth, where cottontail habitat is plentiful and the population is relatively
large, the genetic neighborhood was only 600 m. In the highly fragmented Kittery
populations, on the other hand, the genetic neighborhood was as large as 3.9 kilometers.
The genetic neighborhood of a population is the accumulation of relatedness across
space; the larger the genetic neighborhood, the more restricted dispersal movements
become and gene flow becomes limited. In the Kittery populations, relatedness has
accumulated over larger distances because dispersal is likely more difficult due to the
greater distances between patches and the greater probability of predation or other
dispersal mortality. Dispersal may also be less frequent in the Kittery populations if
patches are of lower quality, (perhaps due to smaller size and associated reduction in
resource availability), which would result in poorer body condition so individuals do not
have the energy stores to initiate dispersal. In any event, the genetic neighborhood
indicates the distance over which genetic drift has the greatest influence on the
population, beyond which gene flow becomes more important (Underwood et al. 2009).
Hence, due to the greater distances between patches in the Kittery populations or other
factors, gene flow is operating at a larger scale than in Cape Elizabeth. Although not
necessarily indicative of the movement of single individuals, this does suggest that gene
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flow may be possible up to about 3 or 4 km for New England cottontails. Therefore the
planned initial 3.3 km distance among management units may be sufficient for
connectivity in the short-term. Yet, smaller inter-patch distances are recommended as 3-4
km likely represents the typical maximum of gene flow for this species and inter-patch
distances nearer to 500 m, as in Cape Elizabeth, are ideal.
Additionally, it is important to note that cottontails are not capable of overcoming
the negative effects of fragmentation by simply dispersing further than they otherwise
would normally, but rather a few individuals are able to survive and disperse over a
relatively greater distance despite the increased dispersal risk. The greater dispersal cost
in the Kittery populations implies that much higher proportions of dispersing individuals
in Kittery, relative to Cape Elizabeth, probably perish before reaching a suitable patch.
Failure to repopulate patches in a metapopulation leads to reduced effective population
sizes (Waples 2002) and increased risk of metapopulation extinction (Dreschler et al.
2003), and thus these dispersal patterns will be important considerations to cottontail
management in the Kittery populations especially.
Fragmentation may also influence sex-biased dispersal patterns, as I noted that
female dispersal was highly restricted in the Kittery West population. Understanding sexbiased dispersal is important for managing species of conservation concern for several
reasons. Knowledge of dispersal patterns allows managers to better plan spatial
configurations of habitat restoration, and to predict the likelihood of patch recolonization
or colonization of newly created habitat. This can be used to determine whether
reintroductions will be necessary to increase gene flow more rapidly than might occur
naturally (Blundell et al. 2002). I found that patches in Kittery West are highly isolated
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and female dispersal appeared to be inhibited. Add to this the greater ephemerality of
those patches and it is apparent that the current cottontail habitat in Kittery West will not
support cottontails into the near future. Thus the creation of additional habitat is needed
to improve connectivity among remnant patches and patches will require periodic
maintenance to prevent further habitat loss via succession. Translocations of females
especially may also be needed in the short-term to restore natural gene flow patterns;
however, further information concerning the genetic health of this population should be
obtained prior to cottontail relocation (Hedrick and Fredrickson 2010).
I did not find major differences in remaining genetic diversity in any of these
populations, yet all populations exhibited private alleles. If inbreeding depression
becomes a concern, the genetic divergence among these remnant populations indicates
that each population may be a reservoir of genetic diversity for the others. Despite the
greater genetic divergence and allelic polymorphism exhibited by other populations in the
cottontail range, translocations within Maine may be more conservative than introducing
cottontails from southern New England in limiting both inbreeding and outbreeding
depression (Fenster and Galloway 2000, Edmands 2007).
Additionally, effective population sizes were quite small. Conservatively, an
effective population size of at least 50 is suggested just for short-term persistence
(Franklin 1980, Soule 1980) and effective sizes ranging from 500-5000 are recommended
for retention of evolutionary potential and hence long-term persistence (Franklin and
Frankham 1998, Lynch and Lande 1998). Lagomorphs, however, may require an
effective size >300 (assuming a conservative Ne.N ratio of 0.1; Frankham 1995) to even
persist for 40 generations (Newmark 1987, Soule 1987, Reed 2003). Thus the New
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England cottontail may soon be extirpated from the Kittery populations in particular, if
gene flow and habitat availability are not improved. Conservation efforts should focus on
increasing the size of patches, especially in Kittery East, and additional habitat restoration
efforts are needed to increase the density of patches in those areas.
Finally, although not all roads were found to impede cottontail gene flow,
measures should be taken to mitigate the effects of major roads on dispersal. Establishing
connectivity between Kittery East and Kittery West by providing for dispersal across 1-95
would also help improve the effective population size and likelihood of cottontail
population persistence outside of Cape Elizabeth. Mitigating this genetic barrier for
cottontails would entail expanding the culverts significantly to increase openness and/or
installing grates to allow penetration of natural light (Mata et al. 2008, Glista et al. 2009).
Similar implementations on other major roads in areas of high New England cottontail
density may also benefit cottontail gene flow, particularly in Kittery West (e.g. Rts. 16,
101 and 236).
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CHAPTER 3

CONCLUSION

New England cottontails currently demonstrate strong spatial genetic structure at
both a range-wide scale and at a local spatial scale. I have shown that several remnant
populations have experienced recent genetic bottlenecks, many populations have fairly
low effective population sizes and several populations show reduced genetic diversity
relative to the others. Further, I have deduced that New England cottontails typically
exhibit female-biased dispersal and dispersal distances may average around 500 meters in
ideal habitat conditions, although they may occasionally be capable of dispersing much
further. More importantly, I found that fragmentation increases fine-scale genetic
structure and affects dispersal processes. Major roads may act as dispersal barriers, but
the main problem preventing gene flow remains habitat loss and fragmentation. These
findings can greatly assist conservation management for the recovery of the New England
cottontail, especially when placed in the context of current landscape ecology and
conservation genetics literature. Namely, this new understanding of cottontail genetic
structure and dispersal in the current landscape permits me to make recommendations in
regard to habitat management and restoration planning, as well as to maintaining and
improving the genetic health of these remnant populations. As such, I return to the
management questions identified in the Introduction.
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Broad-scale management questions
What is the current genetic structure of remnant cottontail populations and how
genetically differentiated are those populations?
Remaining New England cottontail populations are segregated both genetically
and geographically. Five distinct genetic clusters were identified that aligned closely with
the geographic separation of cottontails on the landscape: the southern Maine & seacoast
New Hampshire geographic population grouped genetically with the Merrimack Valley,
New Hampshire population (ME/NH); the populations of cottontails on Cape Cod,
Massachusetts (CC), in eastern Connecticut and Rhode Island (CT/RI), and in western
Connecticut and southeastern New York (CTNY) were found to be genetically as well as
geographically isolated. The recognition of a small cluster on Bluff Point, CT that was
genetically highly differentiated from the rest of the CT/RI population calls attention to
the fact that there is extensive fragmentation and/or isolation of cottontails even within
these regional clusters. Thus, New England cottontail conservation will first require
enhancing connectivity within remaining populations, to ensure continued persistence.
Additionally, these remnant populations are genetically highly differentiated and
have been experiencing genetic drift in isolation for some time. These populations may
now be locally adapted, but most populations exhibited private alleles and thus are also
potential sources of genetic diversity for the other populations if there is evidence of
inbreeding depression.

118

How has fragmentation at a range-wide scale influenced remaining cottontail
populations?
Fragmentation and habitat loss across the range has strongly structured the
remaining populations, as demonstrated by the isolation of the Bluff Point cottontails
despite their proximity to the CT/RI population. The extensive distance between
populations resulting from habitat loss and development has effectively isolated remnant
cottontail populations. I found little evidence of gene flow, but a genetic signature
indicating historic connectivity. The lack of connectivity among populations has led to
extensive genetic drift and loss of genetic diversity in some populations.
Several landscape features may further be preventing gene flow that may require
management consideration as connectivity is restored. For instance, the Cape Cod Canal
may be preventing gene flow; however my evidence for this is primarily anecdotal, as I
was unable to test a significant number of cottontails from the mainland side of the canal.
Nevertheless, I genotyped one individual from the mainland side from the Myles
Standish State Forest in Plymouth, MA, which is approximately 13 km from CC samples
located just on the other side of the canal in Bourne and Sandwich, MA. This sample had
two alleles that were not shared by any of the other rabbits sampled on the other side of
the canal, suggesting that the canal is indeed preventing genetic exchange among the
Cape Cod cottontails. This population may require more extensive genetic management
techniques to ensure its sustainability, as a wildlife corridor across the canal is not likely
in the near future. Translocations to mimic gene flow may improve genetic health of this
population, however, as it has been isolated for roughly 100-200 generations, it is
possible that several deleterious mutations have been purged and translocations may
actually decrease the fitness of this population.
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Major rivers may also contribute to the partition of cottontail populations, though
I could not test this hypothesis explicitly. The Connecticut River bisects the state of
Connecticut, and also may represent a boundary between the CT/RI and CTNY cottontail
populations. However, the extensive distance between sampled individuals in those two
populations is a confounding factor in the genetic differentiation and geographic isolation
of those populations. Additionally, the Piscataqua River, which forms the geopolitical
boundary between the states of Maine and New Hampshire, may also theoretically
prevent gene flow for cottontails. While I did not find significant differences among
cottontails sampled on either side of the Salmon Falls River, a narrow tributary which
empties into the Piscataqua River, no New England cottontail samples were found in
New Hampshire south of the Great Bay Estuary, near the broader Piscataqua River. On
the other hand, eastern cottontails {Sylvilagus floridanus) occupy habitat on the New
Hampshire side of the Piscataqua, south of the Great Bay Estuary, but they have not yet
expanded their range into Maine, suggesting that the wider portion of the Piscataqua does
indeed prevent lagomorph dispersal. Nevertheless, I suggest that management should
focus on ensuring the persistence of remnant cottontail populations by expanding current
habitat and restoring connectivity within populations. Although restoring connectivity
among populations should be a secondary goal, mitigation of these potential dispersal
barriers is not of primary importance, especially since the rivers will have influenced
historic populations and thus should not significantly impact cottontail persistence once
remnant populations are sustainable.
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How will current effective population size and genetic diversity affect cottontail
persistence across the region?
The effective population sizes of remaining cottontail populations are not
sufficient for long-term persistence, and in many cases, are not high enough to prevent
inbreeding and extinction from genetic stochasticity in the short-term. Small population
size inevitably leads to inbreeding (Frankham et al. 2002) and some of these populations
may require augmentation while habitat is restored.
The genetic diversity of the ME/NH and CC populations was reduced relative to
the CT/RI and CTNY populations and several loci analyzed have become fixed in the
former two populations. Nevertheless, the inbreeding coefficient Fis was not significant,
and I do not currently have any data on fitness in any of these populations. Still, the
ME/NH and CC populations have the greatest risk of extinction, and there is certainly
cause for concern for the CT/RI and CTNY populations as well. The Bluff Point
population should also be carefully monitored due to its small size and much reduced
genetic diversity, as continued persistence of all pockets of cottontails across the region
will certainly benefit the species in the long run. Additional intensive surveys across the
New England cottontail range within each geographic region will permit better estimates
of current effective population sizes. With further survey efforts and monitoring, other
potentially isolated populations (like Bluff Point) might be identified that may require
unique management strategies to restore connectivity and ensure persistence.
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What are the conservation genetic implications for future management practices?
E.g. Should cottontails be translocated among populations?
Genetic management of species of conservation concern in the wild requires
identifying management units, increasing population sizes, restoring connectivity among
fragmented populations, and alleviating deleterious fitness effects resulting from
inbreeding (Frankham et al. 2002). Translocations, (moving individuals from one area to
another occupied area), are a frequently used conservation technique designed to augment
declining populations and improve genetic diversity. Inbreeding depression is a serious
concern when managing endangered species. The smaller and more isolated populations
are, the more likely they have accumulated detrimental genetic mutations that negatively
affect overall fitness, such as reproductive capability and survival. Often, only very low
levels of genetic input from an outbred source are needed to reduce this genetic load and
improve the fitness of the population (e.g. Madsen et al. 1999, Madsen et al. 2004, Vila et
al. 2002; Ingvarsson 2003). Thus, translocations are often undertaken to increase the
genetic diversity of isolated populations (Hogg et al. 2006 Trinkel et al. 2008, Hedrick
and Fredrickson 2010). I have shown that remnant New England cottontail populations
are genetically strongly divergent, even at a local population scale, and several
populations harbor private alleles. A small number of translocations among cottontail
populations, if followed by successful reproduction, may lead to reducing the genetic
divergence and increasing the genetic diversity and fitness of these populations.
However, since these remnant populations are also experiencing rapid genetic drift,
translocations may also lead to undesirable outbreeding depression if cottontails are
becoming more adapted to local conditions. Outbreeding depression occurs when
favorable mutations become swamped by hybridization and can lead to population
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extinction (Rhymer and Simberloff 1996, Allendorf 2001, Burke and Arnold 2001). This
may be an important concern for cottontails, since I have shown that the current remnant
New England cottontail populations have been shaped by a long period of genetic drift in
isolation. Local adaptation can occur even across relatively small environmental
gradients (Sork et al. 1993, McKay et al. 2010, Phillimore et al. 2010) and should be
examined prior to initiating translocations. Fitness parameters should be evaluated across
the range to assess the presence of inbreeding depression; further, information obtained
from such reproductive and demographic investigations will also be beneficial in creating
population viability models and further assisting future cottontail management.

Fine-scale management questions
Is current gene flow and genetic diversity sufficient to sustain cottontail populations
in southern Maine and seacoast New Hampshire?
Four genetically differentiated cottontail populations were identified in southern
Maine and seacoast New Hampshire: around the Portland International Jetport (Jetport);
along the coast in Cape Elizabeth and Scarborough, Maine (Cape Elizabeth); in Wells
and Kittery, Maine, east of Interstate-95 (Kittery East); and in Eliot and the Berwicks,
Maine and seacoast New Hampshire, west of Interstate-95 (Kittery West). These
populations are physically isolated from one another and no gene flow was evident
among populations. As a result of limited gene flow and inadequate habitat availability to
sustain larger populations, effective population sizes are very low. The lower the
genetically effective population size, the greater the likelihood of negative genetic
consequences, such as inbreeding and extinction through various stochastic effects.
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Consequently, current effective sizes are not sufficient for continued population
persistence in Maine overall, and in Kittery East (and perhaps Kittery West) in particular.
Additionally, although there was very little difference in genetic diversity among
populations within Maine, in my broad-scale analyses I identified the ME/NH population
as having comparatively low genetic diversity overall. Furthermore, private alleles were
present in all four populations, especially in Cape Elizabeth and Kittery West, suggesting
loss of genetic diversity in each of the populations as a result of isolation, small
population sizes, and genetic drift. Hence, improving connectivity among patches and
populations throughout southern Maine and seacoast New Hampshire will enhance
genetic diversity and the likelihood of population persistence. While habitat restoration
projects are being pursued, however, it may become necessary to mimic gene flow
among populations in the short-term with the use of translocations.
Still, the concerns of inbreeding versus outbreeding depression stated above for
the broad-scale populations are just as valid at this scale. Despite presumed loss of
genetic diversity and the fact that inbreeding inevitably results from small population
sizes, I currently have no evidence for inbreeding depression and associated fitness
consequences. Additionally, translocations can be risky of their own accord, due to the
increased likelihood of predation and stress-induced mortality (Dickens et al. 2010).
Thus, it is not a measure to be undertaken lightly. Nevertheless, if translocations are
warranted, it may be more appropriate to translocate individuals among populations
within Maine and New Hampshire, rather than introducing animals from other
populations across the region.
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Although not a perfect measure, much evidence indicates that the greater the
genetic divergence between parental populations, the greater likelihood of, or greater
effects of, outbreeding depression (Fenster and Galloway 2000; Edmands 2002). My
results have shown that there is significant genetic differentiation even within regional
populations, thus I feel that it is more conservative to initiate translocations among
isolated patches within populations, such as between Cape Elizabeth and Kittery West in
Maine, before attempting translocations at a larger scale, such as between CT/RI and
ME/NH, as there is less of a risk of outbreeding depression.
Are there landscape barriers to geneflowthat will require mitigation?
Major highways, like Interstate-95 in Maine, were found to create a genetic
barrier for New England cottontails, however lesser road classes did not seem to inhibit
gene flow. Thus, additional measures may be needed to promote dispersal across such
barriers, especially in other parts of the cottontail's range that have denser and busier
road networks. Many highways in the northeast have water drainage culverts; however
the majority are probably not utilized by dispersing cottontails due to their low light
penetration (Clevenger et al. 2002). Implementation of wildlife passages on major roads
in areas of high New England cottontail density would greatly benefit cottontail gene
flow. Wildlife improvements to mitigate the genetic barrier for cottontails would entail
expanding these culverts significantly to increase openness and/or installing grates to
allow penetration of natural light. Other factors that would increase use of the culverts by
lagomorphs include the absence of natural vegetation covering the entrances (Ascensao
and Mira 2007), but the presence of some vegetation surrounding the approach to the
culvert may be beneficial to maintain habitat continuity (Smith 2003). Also, the
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placement offences nearby to prevent rabbits from attempting to cross the road and to
funnel them toward the culvert entrance would increase suitability. Several studies also
indicated that seasonal use of passages by rabbits increased during the summer, likely due
to juvenile dispersal (Smith 2003, Yanes et al. 2005, Ascensao and Mira 2007). Although
this association was not significant in any study, maintenance of passages to clear debris
may be necessary in the spring prior to peak dispersal activity and monitoring programs
may be most effective in the summer.
In contrast to dispersal barriers, another important factor to consider is the use of
road edges as dispersal corridors. Surprisingly, I did not find a significant genetic
divergence between individuals sampled in Wells, Maine and from Kittery, Maine, east
of 1-95, despite an intervening distance of approximately 22 kilometers. Roadside edges
have been shown to facilitate dispersal for several species of small mammals (Getz et al.
1978, Underhill and Angold 2000) and may also be conducive to cottontail dispersal.
Thus, road-related habitat projects for cottontails should include dispersal mitigation for
1-95 and possibly other major roads where cottontails are likely to cross, but connectivity
might also be improved with further enhancement to roadside edge habitat.
How does fragmentation at a landscape scale affect cottontail dispersal and genetic
structure?
Fragmentation at a landscape scale created more extensive spatial genetic
structure, as cottontails in the Cape Elizabeth population are more likely to disperse
successfully due to the larger and more continuous habitat in that population relative to
the more fragmented habitat in the Kittery populations. The genetic neighborhood was
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much greater in the Kittery populations, indicating greater relatedness over larger
distances due to less frequent gene flow among patches.
In addition to fragmentation effects, patch characteristics and patch context
further influence dispersal and genetic structure. I found that patches in Kittery West
were significantly more isolated than patches in Cape Elizabeth or Kittery East and this
appears to be affecting dispersal patterns in this population. Additionally, with greater
patch isolation, the greater the likelihood that patches will not be consistently occupied
and this can lead to population extinction. In another endangered lagomorph, the Lower
Keys marsh rabbit {Sylvilagus palustris hefneri), patch area as well as patch context in
the landscape was found to most likely to explain the probability of patch occupancy,
while patch characteristics were more likely to explain how consistently a patch was
occupied (Forys and Humphrey 1999). They found that patches were more likely to be
occupied if they were larger, nearer to other occupied patches, and further away from
human habitation, as the latter creates increased predation pressure from domestic pets
and commensal species such as raccoons. In addition, they found that patch vegetation,
especially that which provided both food and cover, as well as how near a patch was to
other occupied patches, best explained the difference between patches that were
consistently occupied versus those that were only occasionally occupied. In summary,
larger habitat blocks in close proximity to one another, with beneficial vegetative cover
will likely provide the greatest probability of metapopulation persistence. These findings
are applicable to New England cottontail recovery and can further guide initial restoration
efforts: as mentioned above, patches in Kittery West were significantly more isolated
than patches in other populations, hence Kittery West in particular would benefit from the
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creation of additional stepping stone patches amid currently occupied habitat. In Kittery
East on the other hand, I found that patches have a significantly greater proportion of
edge habitat than patches in the other populations due to the smaller patch sizes in Kittery
East. Thus, the Kittery East population may benefit the most by the expansion of current
patches or the creation of larger blocks of habitat.
Barbour and Litvaitis (1993) also noted the importance of patch size for New
England cottontails. Patches smaller than 2.5 ha were found to act as population sinks,
being occupied primarily by males and occupants having a reduced survival rate. This is
consistent with my fine-scale results; I found that male rabbit densities in particular were
significantly higher in Kittery East, where patches were significantly smaller than those
in Kittery West or Cape Elizabeth. In addition, they found that the reduced forage
availability on small patches resulted in reduced body mass and prompted riskier foraging
behavior relative to individuals occupying larger habitat patches (> 5 ha). Poor body
condition or increased predation may partially explain the greater limits to female
dispersal I found in Kittery West. Hence, population viability will be improved in the
Kittery populations with the construction of larger habitat patches.
Is dispersal sex-biased, and how will that affect management?
I found dispersal in New England cottontails to be primarily female-biased, yet in
Kittery West it was male-biased, most likely due to greater limitations to dispersal in
general, resulting in reduced female-dispersal. This finding has important consequences
for cottontail management. Recolonization of newly created habitat may be hindered by
the more philopatric sex (Blundell et al. 2002) and reintroductions of male cottontails
may expedite the establishment of new populations. Also, species with female-biased
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dispersal may be at greater risk for extinction in highly fragmented habitats if females are
dispersing to unoccupied patches where they are unable to mate (Dale 2001). This results
in male-biased sex ratios on the natal patch and thus fewer males are likely to mate as
well. Thus, captive breeding may become necessary while habitat is being restored.
Additionally, inbreeding risk may be greater in some populations than others, such as in
Kittery West where female dispersal is limited (Lebigre et al. 2010). Accordingly, should
translocations be necessary to alleviate inbreeding depression or reduce extinction risk, it
may be desirable to mimic natural population movements by translocating females
further or more frequently than males to benefit that population in the short-term while
habitat construction and connectivity is pending.

Thus, New England cottontail recovery will require a many-faceted approach. My
research has identified populations with reduced genetic diversity and illuminated habitat
features that are currently affecting gene flow in the wild. These results will aid
management efforts to restore sustainable cottontail populations by providing important
connectivity information and highlighting those populations that may be in need of
genetic rescue, as well as populations that may be most suited to genetic rescue. Yet, the
fact remains that I currently have no information on whether or not cottontails in any
portion of their range are exhibiting reduced fitness due to increased genetic load. Thus
the first conservation priority should be habitat restoration and where possible fitness
parameters should be examined throughout the range. But without additional habitat to
support self-sustaining populations, the genetic health of cottontail populations becomes
irrelevant.
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To summarize, I believe a conservative plan of action is as follows:
1.) Habitat restoration throughout the range is clearly the first and most important
step toward New England cottontail recovery.
2.) Live-trapping and radio-collar surveys should be conducted throughout the
range to assess current fitness parameters, such as juvenile survival, litter size,
number of litters produced in a breeding season, overall health, body mass,
etc. Ideally, this should be performed in conjunction with a functional
genomics study to identify quantitative trait loci that can later be used to
assess fitness in non-invasive surveys.
Depending on the results of the fitness assessment, if it seems necessary to implement a
genetic rescue program in the short-term, I recommend the following approach:
1.) Institute a captive breeding program to determine the most suitable outbred
population(s) for translocation into the affected population(s).
2.) If habitat is in place yet a population seems in danger of extirpation,
reintroduce additional captive-bred animals to vacant patches.
3.) Finally, continual monitoring should be conducted throughout all phases
described above. Data analysis should occur frequently, to provide feedback
and allow for adaptation of management techniques to maximize the success
of the program.
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APPENDIX I
Additional considerations for the genetic conservation of the New England cottontail
New England cottontail recovery will require a many-faceted approach. My
research has identified populations with reduced genetic diversity and illuminated habitat
features that are currently affecting gene flow in the wild. These results will aid
management efforts to restore sustainable cottontail populations by providing important
connectivity information and highlighting those populations that may be in need of
genetic rescue, as well as populations that may be most suited to providing genetic
rescue. Yet, the fact remains that information is currently lacking on whether or not
cottontails in any portion of their range are exhibiting reduced fitness due to increased
genetic load. Therefore, in addition to suggesting management recommendations in light
of my findings, I feel it is relevant to summarize some of the recent literature concerning
genetic rescue.
My study found that several New England cottontail populations have relatively
reduced genetic diversity, have suffered recent genetic bottlenecks and have low effective
population sizes. Gene flow is highly impeded by habitat fragmentation and patch
isolation. Habitat restoration measures will take time, during which New England
cottontail populations may continue to decline. If we are to avoid (or prevent further)
negative fitness effects of inbreeding we may need to employ genetic rescue techniques
in certain areas. However, all of these measures carry inherent risks which may not
outweigh the benefits of reduced genetic load. It is necessary to understand the potential
costs as well as the possible gains before attempting a genetic rescue program.
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Additionally, implementation of these measures will ultimately fail if the initial cause of
population decline (i.e. habitat loss) is not removed (e.g. Kleiman et al. 1994).
Reintroductions. The reintroduction of individuals to vacant habitat requires
careful consideration and planning. Where possible, it is ideal to initiate reintroductions
to habitat that is currently connected to occupied patches so as to avoid founder effects
such as increased inbreeding and loss of genetic diversity (Cardoso et al. 2009, Biebach
and Keller 2010). From there, additional reintroductions, and/or natural dispersal will
encourage the expansion of the population.
Several parameters will additionally influence the success of reintroductions of a
given species. In a survey of reintroduction literature, Fischer and Lindenmayer (2000)
found that reintroductions tended to be more successful when large numbers (>100,
released either at one time or cumulatively in successive releases) of wild (vs. captive)
animals were released. Fewer animals may be needed if post-release mortality and
dispersal are limited (Taylor et al. 2005).
Reintroductions of other lagomorphs have noted that several variables influence
post-release survival, which may be useful in incorporating in New England cottontail
relocation programs. Soft-releases have been shown to improve survival of translocated
rabbits (Calvete and Estrada 2004, Hamilton et al. 2010), while hard-release success is
more variable (Calvete and Estrada 2004, Faulhaber et al. 2006, Watland 2007).
Hamilton et al. (2010) found that rabbit survival was positively correlated with individual
mass and more importantly, with the number of days they were held in the soft-release
enclosure (maximum of 20 days), and Calvete and Estrada (2004) note that the softrelease improved survival the most in areas of relatively low vegetative cover. Also, as
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predation is the primary cause of mortality of translocated rabbits (e.g. Watland 2007),
predator control in the first few days following release has been shown to be highly
beneficial for translocation success.
The results of these studies imply that relocations of lagomorphs will be most
successful if only larger, healthy animals are used. Animals should be relocated to
densely vegetated habitat, and a soft release may improve short-term survival. Predator
control prior to, and immediately following release may also increase relocation success.
Translocations. Translocations among isolated and genetically divergent
populations can improve genetic diversity and fitness of inbred populations. However,
this management technique should be used with caution and it does not constitute a longterm solution. Crosses between populations that have been separated for long periods of
time may result in outbreeding depression, as locally adapted gene complexes are
disrupted, making hybrids less fit in either source population as the parental populations.
Adding to the complexity of the issue, inbreeding and outbreeding depression can also
occur simultaneously (e.g. Marshall and Spalton 2000). Nevertheless, it is generally
recommended that translocations not be attempted at all unless there is actual evidence of
inbreeding depression (Edmands 2007, Hedrick and Fredrickson 2010). Therefore, once
baseline fitness surveys have been conducted across the region, if inbreeding is indicated,
a captive-breeding program (see below) prior to translocation should be conducted for
several generations for a cost-benefit analysis of the effects of reproduction between
divergent parental populations of cottontails. Finally, not only may translocations result
in irretrievable genetic effects, but they can cause high mortality risk and the transmission
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of disease organisms, which are costs that should be weighed as well (Todd et al. 2002,
Chipman et al. 2008).
Captive Breeding. If translocations are found to be necessary for cottontail
populations, it is highly advisable to begin with a well-planned captive breeding program.
Captive breeding allows researchers to elucidate potential outbreeding effects prior to
translocation in the wild. The effects of outbreeding depression may not manifest for
several generations after the initial cross (Fenster and Galloway 2000, Tallmon et al.
2004), therefore it is recommended that careful monitoring take place over at least 3
generations prior to implementation in the field. Captive breeding can provide a relatively
safe means of evaluating the influence of the divergence of the parental populations on
mean individual fitness, as well as the degree of foreign genetic input needed to reverse
inbreeding fitness effects. Additionally, captive breeding can aid conservation efforts by
ensuring reproduction, especially if remnant breeders are frequently isolated from one
another, and by improving the health of individuals released back into the wild. There are
many potential pitfalls to captive breeding, however, and anticipation and mitigation of
relevant concerns will increase the overall success of the conservation program.
Behavioral and genetic adaptation to captivity will greatly impede the survival of
individuals reintroduced into the wild and numerous studies have shown that
reintroductions using captive-bred individuals are less successful than those using wildcaught individuals (e.g. Wolf et al. 1996, Fischer and Lindenmayer 2000). Adaptation to
captivity can occur within just a few generations (e.g. Kraaijeveld-Smit et al. 2006).
Some of the consequences of adaptation include reduced fecundity in the wild (Lewis and
Thomas 2001, Heath et al. 2003), increased susceptibility to wild pathogens that may not

135

be encountered in captivity (Frankham et al. 1986), and loss or reduction of predator
defense mechanisms (McPhee 2003, Kraaijeveld-Smit et al. 2006). To best mitigate these
effects and minimize selection in captivity, the best approach is to keep the number of
generations in captivity to a minimum (Williams and Hoffman 2009). In implementing
the breeding program, two strategies have been identified to reduce genetic adaptation in
captivity: 1.) Maintaining equal family sizes to ensure that individuals that breed well in
captivity are not overrepresented in the reintroduced population (Allendorf 1993,
Frankham 2008); 2.) Minimizing mean kinship, essentially limiting pairings of closely
related individuals and maximizing outbreeding (Ballou and Lacy 1995). Both strategies
have been shown, at least by simulation, to reduce genetic adaptation to captivity
(Fernandez and Caballero 2001, Saura et al. 2008), and will additionally limit the loss of
genetic diversity and increase the effective population size of the captive population.
Disruption of predator avoidance or defense mechanisms frequently occurs in
captive-bred organisms (Griffin 2000, Blumstein et al. 2006). As cottontails experience
high predation pressure, this will be an important factor to mitigate. To limit this effect,
maintaining a captive breeding facility that approximates the species natural habitat as
closely as possible is necessary. Additionally, predator avoidance training has been
shown to be a successful means of improving survival among reintroduced captive-bred
individuals (Griffin et al. 2000), as experience with predators improves survival (e.g.
Frair et al. 2007). For instance, the use of fox odor increased vigilance of European
rabbits in an outdoor enclosure (Monclus et al. 2006).
Finally, maintaining a more natural environment will help ensure that immune
defenses do not become significantly altered while in captivity. Nonetheless, disease and
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parasite management can be a double-edged sword for captive breeding and
reintroduction programs. While it is important to maintain a typical parasite load to
reduce genetic adaptation and selection in captivity, management programs should be
cautions of spreading disease and parasites, and avoid releasing unhealthy individuals
(Woodford 2000, Chipman et al. 2008/
Finally, an important part of any genetic rescue initiative should be concurrent
research to investigate the parameters of success at all stages of the program and for rapid
relay of results to relevant managers so techniques may be continually adapted to
maximize recovery success (Armstrong and Seddon 2008).
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APPENDIX II

ADDITIONAL INFORMATION FOR NON-GENETICISTS: SUMMARY OF
GENETIC PROGRAMS AND TERMS

This appendix is intended to be a brief summary of the specialized genetics
programs used in this research, focusing on the specific tests and the manner in which
they were used in this thesis. Additionally, as non-geneticists may not be familiar with
several of the commonly used genetic terms used throughout this paper, explanations of
several (highlighted in bold) are provided. For further information, readers are referred to
the literature cited herein.
Summary of Genetic Programs
2MOD
What it does: This program uses coalescent theory to determine the relative probability
that a group of populations experienced a history of genetic drift in isolation or of driftmigration equilibrium (gene-flow).
Input data required/parameter decisions: Current allele frequency data for each
population is required. The only parameter input is the number of iterations to run.
Assumptions/Limitations: This method assumes that under the drift model, the time
between founding and sample collection is short enough that mutations will not have
greatly affected gene frequencies. It further assumes that under the drift-migration model,
mutation is much less frequent than immigration.
Output: This program provides estimated ancestral allele frequencies of all populations
and a file containing the probability of each model as well as estimates of F.
Additional Notes: See Ciofi and Bruford (1999), Bergl and Vigilant (2007) and Jordan et
al. (2009) for examples of applications of this program and additional information.
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ALLELOGRAM
What it does: This program bins raw microsatellite size data and corrects for allele size
shifts which occur between different runs and can lead to genotyping error.
Input data required/parameter decisions: Input is raw genetic data - allele sizes per locus
per individual. To normalize the data and correct discrepancies among replicate PCRs,
one sample must be included as a control in each genotyping run and referenced as such
in the data file.
Assumptions/Limitations: Bins can change with additional data, so it is necessary to bin
all genetic data at once or to make adjustments using a control to ensure consistency.
Output: Normalized, binned allele sizes for each individual.
Additional Notes: See also FLEXIBIN.
BARRIER
What it does: This program utilizes Monmonier's maximum difference algorithm
(Monmonier 1973) to visualize genetic discontinuities relative to spatial sampling
locations. The program uses Voronoi tessellation and Delaunay triangulation to
determine which individuals represent neighbors on the landscape and to create 'edges'
between neighboring individuals associated with their respective genetic distance.
Barriers are then traced perpendicular to the edges, corresponding to the greatest rate of
change in genetic distance between neighboring individuals, which would suggest a geneflow barrier. Barriers are drawn beginning with the edge with the highest values (i.e.,
between the pair of individuals exhibiting the greatest genetic distance) and continue
across adjacent edges until a previously drawn barrier is reached or until the barrier
reaches the edge of the spatial data.
Input data required/parameter decisions: The geographic coordinates of all samples are
required, as well as the pairwise genetic distance among all individuals. Parameter
decisions include determining the number of barriers you wish to detect.
Assumptions/Limitations: The actual location of the barriers that are drawn do not
inherently correspond to landscape features that may be acting as dispersal barriers, but
rather it identifies the highest relative genetic differentiation between pairs of individuals.
Correlation of the barriers with landscape features is dependent on the researcher, and
remains speculative. Moreover, after the first barrier section is drawn, successive barrier
segments are restricted to a binary decision between the two remaining edges of the
Delaunay triangle and are not necessarily associated with the next greatest genetic
distance or even a high genetic distance at all. Still, statistical significance can be
assigned to provide the relative strength of the barrier segments. Additionally, there is no
real limit to the number of barriers that can be detected, however the importance of each
successive barrier drawn is expected to decrease by an unknown quantity.
Output: The program can display the results of the Voronoi tessellation, Delaunay
triangulation and barrier detection.
Additional Notes: See Manni et al. (2004) and Manni and Guerard (2004) for further
details.
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BOTTLENECK
What it does. This program identifies whether or not a population is exhibiting genetic
signatures of a recent genetic bottleneck.
Input data required/parameter decisions. Population-specific genetic data are required.
One can then select among three allelic mutation models - an infinite allele model (allele
sizes mutate at random), a single step-wise mutation model (allele sizes mutate by
growing or shrinking by one microsatellite repeat at a time) or a two-phase mutation
model which allows for both methods of microsatellite mutation to occur in a specified
ratio. There are several tests which can be conducted, including a Wilcoxon signed-rank
test for heterozygosity excess and a test for the shifted mode of the allele frequency
distribution, both of which would indicate a recent bottleneck.
Assumptions/Limitations. If the loci used evolve only in a step-wise fashion, these
methods will be unable to detect an actual bottleneck. It is assumed that all loci in a
population follow the same mutation model; i.e., it is not possible to use, for instance, the
inflnite-alleles model for a few loci and the step-wise mutation model for the rest. The
standardized differences test requires at least 20 loci.
Output. Output consists of the results of the three statistical tests for genetic bottlenecks
that are given in the program, per population, along with p-values. Also indicated is
whether or not the allele frequency distributions in each population indicate a mode-shift
or a normal 'L-shaped' distribution.
Additional Notes: For additional program and analysis information see Cornuet and
Luikart (1996), Luikart et al. (1998), and Piry et al. (1999). This program tends to detect
relatively recent bottlenecks (Williamson-Natesan 2005). See also M-RATIO.

DROPOUT
What it does. This program examines each sample's multilocus genotype to identify any
samples with identical genotypes, or pairs of samples that are mismatched by only 1-3
loci. These samples can then be examined more closely to determine whether or not they
are indeed unique individuals or if genotyping error has resulted in mis-scoring.
Additionally, this program provides the Probability of Identity (PI), or the probability that
two unique, unrelated individuals would have an identical genotype, as well as a
modified Probability of Identity for closely-related individuals (PISIBS)
Input data required/parameter decisions. Only genotypic data are needed.
Assumptions/Limitations. None known.
Output: The program gives you all of the samples that were identical at each locus, as
well as every pair of samples that differed in their multilocus genotype by only 1, 2, or 3
loci. It also outputs the PI and PISIBS per locus and overall.
Additional Notes: See McKelvey and Schwartz 2005 for more information.
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FLEXIBIN
What it does: This program bins raw genetic data.
Input data required/parameter decisions. Input is raw genetic data - allele sizes per locus
per individual.
Assumptions/Limitations: This program does not readily normalize genotypes and so
correction for shifting among replicate PCRs must be done manually. Bins can change
with additional data, so it is necessary to bin all genetic data at once or to make
adjustments using a control to ensure consistency.
Output: Binned allele sizes for each individual.
Additional Notes: Program note is Amos et al. 2007. See also ALLELOGRAM.
FREENA
What it does: This program estimates null allele frequencies per locus per population and
it creates a null-allele corrected data set which can be used in place of the original data
for population genetic differentiation tests.
Input data required/parameter decisions: The program only requires genotypic data. You
have the option of specifying missing data as a probable homozygote for null alleles to
refine null allele frequency estimation.
Assumptions/Limitations: None known.
Output: Estimated null allele frequencies per locus per population, a revised genotype file
with adjusted allele frequencies to account for the presence of null alleles.
Additional Notes: See Chapuis and Estoup (2007) for more information.
FSTAT
What it does: I used this program primarily to calculate F-statistics and to assess sexbiased dispersal, yet it has other functions as well. Although many other programs can be
used to calculate F-statistics, this program is most commonly used because it is capable
of calculating the probability of significance.
Input data required/parameter decisions: Genotypic data is required with each individual
assigned to a population. For sex-biased dispersal tests, the sex of each individual must
additionally be provided. You can set the number of iterations you want to run when
testing for Hardy-Weinberg equilibrium and the number of randomizations to run when
testing for significance of the chosen sex-biased dispersal tests.
Assumptions/Limitations: The tests for sex-biased dispersal assume that the samples were
collected from a species with non-overlapping generations which disperses prior to first
reproduction and that individuals have been sampled post-dispersal.
Output: Output data files contain the results of your selected F-statistics and any other
analyses chosen (e.g. allelic richness); sex-biased dispersal output files contain the mean
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values per sex of each chosen test statistic (e.g. Fis, Assignment Index, relatedness, etc.)
and their associated p-values.
Additional Notes: See Goudet (1999) and Goudet et al. (2002) for additional information.
GENALEX
What it does: This program can perform a vast quantity of analyses. However, it was
originally designed as a teaching program so the statistical testing of some procedures are
not of publication quality and are thus best done in other programs. I used this program
primarily for quantifying private alleles, analyzing patterns of spatial autocorrelation
and to assess sex-biased dispersal.
Input data required/parameter decisions: Minimally, genetic data is required. This is
generally used to calculate pairwise genetic distances among individuals for downstream
analyses. Additionally, for spatial autocorrelation and comparisons of relatedness for sexbiased dispersal tests, a file containing sampling locations which can then be converted to
pairwise geographical distances among individuals is needed. You must set the number
of permutations and bootstraps for the spatial autocorrelation and sex-biased dispersal
tests.
Assumptions/Limitations: Certain tests are limited, such as in their significance testing
capability (e.g. tests for Hardy-Weinberg equilibrium and population assignment tests)
and the authors refer users elsewhere for publication-quality analyses.
Output: For sex-biased dispersal and spatial autocorrelation tests, the program outputs
various correlograms as well as specific relatedness and confidence limit values for each
distance class. It can calculate the significance of individual correlograms as well as
perform statistical comparisons among correlograms at each distance class.
Additional Notes: See Favre et al. (1997), Smouse and Peakall (1999), Mossman and
Waser (1999), Prugnolle and de Meeus (2002), Peakall et al. (2003), Double et al. (2005),
Smouse et al. (2008) for more information about spatial autocorrelation, sex-biased
dispersal and the program Genalex.
GENECLASS
What it does: This program performs assignment tests and detects first generation
migrants.
Input data required/parameter decisions: Only genotypic data are required, but each
individual must be categorized according to its sampled population. Parameter decisions
required include setting the threshold of assignment scores and choosing the method of
estimation, as well as deciding whether or not to use Monte-Carlo resampling.
Assumptions/Limitations: None known.
Output: The output from this program, depending on the parameters chosen, includes the
probability of each individual belonging to all of the populations (i.e. the total probability
sums to 100% and is distributed among all sampled populations to determine in which
population the individual is most likely a resident. If the Individual assigns to a
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population other than the one in which it was sampled, the individual may be a migrant.
If an individual has recent migrant ancestry it may have relatively even assignment
probabilities in two or more populations). First-generation migrants are identified and the
log-likelihood of each individual's assignment in each population is also provided.
Additional Notes. See Piry et al. (2004) for further explanation of the program; for more
information on the specific tests I used within the program, see Rannala and Mountain
(1997) and Paetkau et al. (2004).
GENEPOP
What it does. GENEPOP can perform several commonly-used genetic tests and uses a data
format that is widely-used in other programs. It is primarily used to calculate descriptive
population genetic statistics, such as estimates of Hardy-Weinberg equilibrium or linkage
equilibrium.
Input data required/parameter decisions: Genotypic data are needed; several analyses
require the user to set the number of iterations of the Markov chain.
Assumptions/Limitations: None known.
Output: Output consists of results of the chosen analyses, typically summarized per locus
per population and overall.
Additional Notes: See Raymond and Rousset (1995) for more information.
LDNe
What it does: This program uses a linkage disequilibrium method to estimate effective
population size using a single sample of microsatellite data (as opposed to temporal
methods, for example, which use two or more samples, collected in different time
periods, of the same population).
Input data required/parameter decisions: Only genotypic data are needed. In this
analysis, alleles that are present in the data at very low frequency can be excluded, and
this critical frequency value must be specified.
Assumptions/Limitations: Due to the method of calculation, this method sometimes
arrives at negative effective population size estimates, which leads to an upper
confidence limit of infinity.
Output: The program provides effective population size estimates, as well as parametric
or jackknife 95% confidence intervals. The choice of confidence interval may be
dependent on the number of loci used - the parametric method works better with fewer
loci, while the jackknife method may perform better when larger numbers of loci are
used.
Additional Notes: See Waples (2006) for more information. See also ONeSAMP.
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MICROCHECKER
What it does. This program identifies locus-specific genotyping errors, such as those
caused by stuttering and allelic dropout. It also identifies the presence and frequency of
null alleles per locus per population.
Input data required/parameter decisions. Only genotypic information per population is
required.
Assumptions/Limitations. It can adjust the allelic and genotypic frequencies to account
for null alleles, however it does not retain the individual information with the new
genotypes, so its usefulness for downstream analyses is limited.
Output. Output consists of an evaluation of each locus per population and whether or not
any genotyping errors were detected. If the presence of null alleles seems likely at a given
locus in a population, it also provides the frequency of null alleles estimated with 4
different methods.
Additional Notes: See van Oosterhaut et al. (2004) for further information.
MJ'Val.exe/CriticalM.ex.e (M-RATIO)
What it does: These programs identify whether or not populations are exhibiting genetic
signatures of a genetic bottleneck.
Input data required/parameter decisions: Data required includes allele frequency
distributions and an estimate of theta which is equal to (4*the estimated microsatellite
mutation rate*the estimated historic effective population size). The parameters to be set
are the size of non-single step mutations and the relative proportion of those types of
mutations (see notes under BOTTLENECK)
Assumptions/Limitations: Small historic effective population sizes (resulting in theta < 1)
may limit this program's ability to detect bottlenecks.
Output: Output consists of the M-ratio per locus and averaged across loci, as well as p values and a critical population-specific M-ratio value. These can be used to determine if
a population has experienced a bottleneck.
Additional Notes: This program tends to detect bottlenecks that have occurred in the more
distant past, or that are ongoing (Williamson-Natesan 2005). See also BOTTLENECK.

ONeSAMP
What it does: This program uses an approximate Bayesian method to estimate effective
population size using a single sample of microsatellite data (as opposed to temporal
methods, for example, which use two or more samples, collected in different time
periods, of the same population).
Input data required/parameter decisions: Genotypic data for a single population. Only
polymorphic loci may be used, and loci with a lot of missing data must be excluded.
Parameter decisions include the number of iterations to use and an estimated minimum
and maximum effective population size of the population. The effective size interval
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might be estimated from typical effective size/census size ratios, if the latter is known, or
simply a best guess. Nevertheless, the method is relatively robust to variance in upper and
lower effective size priors.
Assumptions/Limitations: There must be at least two polymorphic loci in the population,
and all loci are assumed to be unlinked and not under selection. Only one population can
be assessed at a time per email address. This is not a stand-alone program, but rather you
must email your data to the data server. Result turn-around time was 1-3 weeks.
Output. ONeSAMP provides the mean, median, and 95% confidence interval estimates of
current Ne of the population.
Additional Notes: For additional information on this method, see Tallmon et al. (2008).
See also LDNe for comparison.
STRUCTURE
What it does: This program determines the population genetic structure of your data. It
uses individual-based Bayesian algorithms to determine how many distinct populations or
genetic units there are, as well as the estimated proportion of each individual's genotype
that "belongs" to a given cluster. Hence, it is not biased by a priori decisions of
individual group membership, unlike population-based methods. Additionally, it can be
used to detect first-generation migrants and individuals with migrant ancestry.
Input data required/parameter decisions: Only genotypic data are required for population
genetic structure analyses. Several model decisions must be made beforehand, which may
impact results. Additionally, the user must determine the range of potential cluster
numbers to test and set the burn-in length ( = how much of the initial data is discarded to
avoid biasing the results) and run length. For migrant detection, each individual must also
be assigned to a genetic cluster beforehand, to determine its resident assignment
probability. Additionally, this model places a strong emphasis on the individuals
sampling locality, so it requires strong genetic data to indicate gene flow. An assumed or
actual migration rate must be input to run this analysis.
Assumptions/Limitations: The no-admixture model is like a genetic drift model; it
assumes that each individual is from a unique population that has its own distinctive
allele frequencies. In contrast, the admixture model is more like a gene-flow model; it
assumes that a portion of each individual's genome is derived from all of the populations,
so individuals have mixed ancestry. The user must further decide whether or not alleles in
the populations are correlated or independent. The former may be useful for closely
related populations, as allele frequencies are likely to be similar, whereas the latter is a
better choice when allele frequencies are expected to be quite dissimilar among
populations.
Output: Output for the genetic structure includes a bar graph that visualizes the individual
population membership. Graphs must be created manually from the output to determine
the most probable number of genetic clusters. For assignment tests, it further provides
each individual's resident probability, as well as the probability of migrant ancestry for
each generation back that was tested, per population.
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Additional Notes. For more information, see Pritchard et al. (2000), Evanno et al. (2005),
Falush et al. (2007). Numerous population genetic applications of this program exist, e.g.
Bergl and Vigilant (2007).
TESS
What it does. This program determines the population genetic structure of your data. It
uses individual-based Bayesian algorithms to determine how many distinct populations or
genetic units there are, as well as the estimated proportion of each individual's genotype
that "belongs" to a given cluster. Hence, it is not biased by a priori decisions of
individual group membership, unlike population-based methods. This program differs
from STRUCTURE in that it also utilizes spatial sampling information to infer an
individual's population membership.
Input data required/parameter decisions: Genetic data as well as the spatial sampling
location of each individual are needed as inputs. Additionally, the spatial interaction
parameter must be selected beforehand. This parameter determines the relative weight of
the sampling location relative to the genetic data in the algorithm and ranges from 0 to 1.
Using a spatial interaction parameter of zero (meaning no inclusion of spatial data) would
result in the program functioning like STRUCTURE. Also, as with STRUCTURE, the user
must decide between an 'admixture' or 'no admixture' model.
Assumptions/Limitations: Similar to STRUCTURE.
Output. This program outputs a bar graph of population membership, similar to
STRUCTURE output, as well as a hard-clustering diagram, which shows population
membership relative to spatial sampling location.
Additional Notes: See Chen et al. (2007) for more information.

Explanation of Genetic Terms
Allelic Richness: Allelic richness is the average number of alleles per locus that has been
corrected for sample size. Larger sample sizes are expected by chance to have greater
numbers of alleles than smaller samples, thus this statistic corrects for that bias to allow
for a more meaningful comparison among populations.
Assignment test: An assignment test estimates the probability that an individual is a
resident of its sampled location and can therefore be used to detect first-generation
migrants and actual recent gene flow.
Bottleneck: A rapid population decline or restriction of population size. This typically
results in loss of genetic diversity and may last for one or more generations.
Coalescent theory: A body of mathematical work that is based on tracing genealogies
backwards through time to their most recent common ancestor.
Effective population size (Ne): This is the number of individuals in the examined
population that are genetically contributing to the next generation; or the size of a
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population that would lose genetic diversity at the same rate as the population under
study if it were behaving like an idealized population. This number is more important to
conservation biology than census size (N) because it is an indicator of population
persistence - i.e. how likely the population is to experience inbreeding in the short-term
as well as its likelihood of maintaining evolutionary potential in the long-term.
Expected heterozygosity: The heterozygosity expected in the population under HardyWeinberg equilibrium, given the allele frequencies in the population.
F-statistics: Levels of inbreeding in a population that can be divided into inbreeding
within a sub-population and genetic differentiation among sub-populations.
F: An inbreeding coefficient or fixation index. It ranges from 0 to 1, with 0
indicating fully outbred and 1 indicating fully inbred. It indicates the probability of two
alleles at a locus in an individual being identical by descent.
Fis: A measure of inbreeding in a subpopulation, it measures the average
probability that two alleles in an individual are identical by descent. Equals the
inbreeding coefficient F, averaged across all individuals from all subpopulations.
F S T: Inbreeding due to differentiation among subpopulations, relative to the total
population. Ranges from 0 - 1 , with an FST of 0 indicating complete population
admixture, and an FST of 1 indicating complete separation of populations and that
populations are entirely fixed for different alleles. There is no cut-off FST value which
indicates significant population differentiation; rather significance is dependent on
several factors including the allelic diversity of the loci.
Founder effect: A single generation bottleneck resulting from the establishment of a
population from a small number of individuals. The new population will have less genetic
diversity than the population of origin of the founders.
Genetic drift: Changes in allele frequencies and loss of genetic diversity in a population
resulting from small population sizes and chance events.
Hardy-Weinberg equilibrium (HWE): A theorem that predicts genotype frequencies in
a population based on allele frequencies. Deviations from HWE may be caused by
several factors, such as the Wahlund effect, selection, inbreeding, or null alleles. All
large, randomly mating populations will exhibit HWE within one generation in the
absence of the above factors.
Idealized population: A population that exhibits random mating (e.g. the probability of a
given genotype or phenotype reproducing is based solely on its frequency within the
population), has equal sex ratios, all individuals within the population are capable of
breeding (e.g. no juvenile or senescent individuals), each individual has an equal chance
of reproducing (e.g. the species does not exhibit dominance hierarchies where certain
individuals have greater chances of breeding than others), and each individual contributes
equally to the succeeding generation (e.g. each adult produces the same number of
offspring).
Identical by descent. Having two copies of an allele at a locus that were passed down
from the same ancestor; caused by inbreeding.
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For example, in the above diagram, each of the grandparents passes on one allele to each
offspring, as indicated by the arrows and numbers. If the offspring then mate
(=inbreeding) there is a high probability that their offspring will acquire the same allele
at the locus which has been passed down from the same common ancestor. In this
example, although the offspring receives an allele from both its mother and father,
because the parents are related it happens to be identical copies of the A3 allele that was
passed down from the grandmother.
Inbreeding: The mating of related individuals.
Inbreeding depression: A reduction in fitness caused by inbreeding. Note that
inbreeding does not always result in inbreeding depression, however.
Linkage disequilibrium (gametic phase disequilibrium): A non-random association of
alleles of different loci. May be caused by selection, the admixture or recent segregation
of populations, or physical proximity of the loci on the same chromosome.
M-ratio: The ratio of the number of microsatellite alleles present in a population at a
locus with the total size range of alleles at that locus.
Microsatellite: A microsatellite is a relatively short segment of DNA (perhaps 100-300
base pairs) which is comprised of a repeating pattern of nucleotides, such as: AT ATAT
(with each letter representing one of the four nucleotides). Different microsatellite alleles
are alleles with different numbers of repeats, thus they are different lengths. Hence, the
allele above would consist of three repeats of two nucleotides, thus it is 6 base pairs long.
A different allele might be 12 base pairs long: ATATATATATAT.
Monomorphic: Describes a locus with only one allele present in the population or
overall; typically includes loci having one allele present at a frequency greater than 99%
or sometimes 95%.
Null alleles: Null alleles are non-amplifying alleles. They are caused by a genetic
mutation at the primer-binding site of a locus that prevents the primer from attaching to
the DNA strand during PCR. This results in that allele not being amplified and so it
would be undetected in genotyping analysis. So if, for example, an individual is
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heterozygous at a locus, but one allele does not amplify, the individual would be misscored as homozygous at that locus.
Observed heterozygosity: The actual amount of heterozygosity observed in a
population. It is typically compared to expected heterozygosity.
Outbreeding depression: A reduction in fitness caused by hybridization of separate
populations (or hybridization at greater levels of genetic divergence, such as between
subspecies or species)
Polymorphic: Describes a locus with more than one allele present in the population or
overall.
Private alleles: Private alleles are alleles that are unique to a population. The presence of
private alleles tends to indicate genetic drift and a lack of gene flow, but may be due to
sampling error.
Spatial Autocorrelation: A measure of the genetic similarity of individuals whose
spatial proximity is within a specified distance class.
Wahlund effect: A reduction in expected heterozygosity relative to Hardy-Weinberg
expectations due to substructuring within the population.
Predicted genotype frequencies based on HWE
AA=0.25
Aa = 0.5
aa = 0.25
Populationfixed for 'A' allele

©

Population fixed for 'a' allele
aa= 1
Homozygote Excess
Heterozygote Deficit

For example, assume that you are considering the large circle on the right a single
population, but it is actually comprised of two separate genetic clusters (with little to no
gene flow among them) as depicted on the left of the diagram. In this simplified example,
assume that each of the separate populations is completely fixed for a different allele at a
locus (i.e., the only allele present at the locus we are studying in the top poulation is 'A'
whereas the only allele present at the locus in the bottom population is 'a'). If we are
inaccurately assuming that those two divergent populations are a single population, then
given the total allele frequencies (frequency of 'A' in the combined population = 0.5,
frequency of'a' in the combined population = 0.5) the expected genotypic frequencies
under Hardy-Weinberg equilibrium are: AA = 0.25, Aa = 0.5, aa = 0.25. However in
reality there are no heterozygotes in the combined population because there is no
admixture among the actual genetic populations. Thus, there is a heterozygote deficit due
to the Wahlund effect.
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